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Abstract
This project is concerned with the development of design and test methodologies for
hovercraft.

Full-scale hovercraft field-testing is to be achieved through the dedicated re-design
and re-construction of the ABl 1 Crossbow hovercraft. The Crossbow hovercraft is
an experimental craft, which was built in England in the early seventies. The
Crossbows re-design focuses on the production of a versatile craft, wiiich is capable
of modification to produce a variety of different operating conditions. The re-design
and re-construction comprises several distinct areas. An improved and adjustable lift
and thmst system is designed. The design and manufacture of a new more stable and
versatile skirt is undertaken with a strong emphasis on replaciblity and testing of
whole and mdividual skirt components. A lighter and more corrosion resistant
“Nomex” honeycomb material replaces the onginal aluminium honeycomb chassis.
A self contamed cooling and exhaust system is designed and fitted to the 175 HP
manne outboard engine. A specialised, high efficiency, transmission system is
manufactured. The re-design of the field craft takes place in parallel and
complementary to the development of a number of expenmental test rigs.

The test rigs are designed to more accurately simulate the conditions experienced by
an in-service skirt. Critical parameters in the development of these test rigs include
comparative testing of candidate matenals, correlation between test ng life and inservice craft life and relative costs of full scale and test rig experimentation.
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CHAPTER 1
INTRODUCTION

During the mid-70’s and right throughout the 80’s, research and development
activities into hovercraft technology declined. Amyot, (1989), discusses the reasons
for the demise of the hovercraft, attributing it in the main to lack of investment,
particularly by the military, the over selling of the craft and its capabilities by
manufacturers and also due to “technological stagnation . However, since the
beginning of the 90’s, there has been a revived interest in the technology. Reasons
for this renewed interest are many and varied, the most important being military
applications, particularly by the US armed forces. Other reasons include advances in
materials and manufacturing methods, largely related to the aircraft industry,
mcreased interest m the use of the craft as a rescue vehicle and short haul ferry and
the increasing populanty of small hovercraft as recreational vehicles.

The research and development outlined in this thesis was conducted m an attempt to
further advance this renewed interest m hovercraft technology. Initial research
focuses on the development of a field test vehicle and skirt material assessment
facility. The field test vehicle consists of the re-designed ABll Crossbow
hovercraft, an experimental craft designed and developed in the early 70’s by
Airbeanngs Ltd. of Gosport, England The skirt matenal assessment facility utilises
of a number specially designed test rigs to simulate, in a laboratory environment, the
operating conditions experienced by full scale craft.

1.1 The ABl 1 Crossbow hovercraft
The Crossbow is a three-seater craft, designed for service in sheltered waters, rivers
and estuarine environments. The craft originally utilised an integrated lift/propulsion
system composing of a four-bladed wood-laminate fan directly dnven by a 135hp
Johnson outboard engine. The lift/propulsion system was situated immediately aft of
the cabin with the fan inlet in the roof The fan was inclined forwards at 10°. Twothirds of the airflow was ducted rearwards for thrust and one-third downwards to
inflate the cushion and cool the engine.

When first manufactured the crossbow was considered to be at the cutting edge of
hovercraft design. The Crossbow took advantage of the high power to weight ratio
of marine outboard engines. The Crossbow chassis was manufactured from
lightweight aluminium honeycomb sheets, which were initially developed for use in
the aeronautical industry.

At the time of manufacture the Crossbows control system supplied a mobility far
superior to that of any other craft. The control system on the Crossbow utilised a
series of mechanical linkages, some of which were quite complicated, to control the
hovercraft. The linkages were designed to facilitate simple operation. Mechanical
cables and linkages are preferred in hovercraft over electrical and hydraulic control.
Electrical systems are avoided as they are very easily damaged by water. Hydraulics,
while necessary on very large craft increase weight due to the presence of the
additional pump and fluid and thus are not used in smaller craft.

The main controls consisted of a steering wheel for directional control, a lever for
reverse thrust, a lever for dynamic trim and a lever for engine throttle control..
Figure 1.1 illustrates the dashboard indicating the four main controls.

Figure 1.1. the Crossbow control panel.
An advantage that the Crossbow had over all other craft was its revolutionary

reverse thrust system. Reverse thrust could be applied while on full forward power,
thereby distinguishing the Crossbow from all other hovercraft of its day. Other
hovercraft of its size needed first to come to full stop and then reverse engine. Some
small hovercraft indeed had no reverse facility. Another advantage of this system
was that in the event of an impending collision, the Crossbow could apply reverse
and affectively ‘brake’ the craft. For other craft, an emergency stop involved
shutting off power to the cushion and allowing the craft to plunge into the operating
surface, a dangerous manoeuvre in itself

The reverse thrust system involved a complicated linkage system. The linkages
operated three doors within the thrust duct. Figure 1.2 illustrates the position of
these doors when the craft is moving forward.

Fig. 1.2. The position of the reverse thrust doors during forward motion.
Reverse is applied by pulling back on the lever on the control panel (see figure 1.1).
This, in turns, pulls a cable, which causes doors A and B to move into the air stream
and at the same time door C rotates anti-clockwise allowing more air to pass
through. To balance the forces on each door, the area of doors A and B are the same.
As these doors are linked, the forces, due to the airflow, cancel each other, thus the
force which the operator must apply is minimal. Once the two doors are fully closed,
the air is directed out through a set of forward facing side louvers at the stem of the
craft. The side louvers are linked to the steering system. When the steering wheel is
turned, one set of louvers opens and the set on the opposite side closes. Thus, when
reverse thrust is applied and the steering wheel is turned there will be a greater
airflow through one side of the craft causing the craft to rotate about its centre of

gravity. Figure 1.3 illustrates the position of the reverse thrust doors when the craft
is moving backwards.

Figure 1.3. The position of the reverse thrust doors during backward motion.
The ABl 1 Crossbow hovercraft was donated to the project by Mr. Martin Murray of
Hovercraft Ireland, a company based in Cork Harbour. Although conflicting reports
exist as to the number of commissioned Crossbow hovercraft, the Crossbow is one
of approximately nine such craft ever built. During a number of research visits to
Gosport, information regarding the Crossbows design and manufacture was gathered
from several people who either worked on the Crossbow or had a good knowledge
of the craft.

Of the craft built, the majority were shipped overseas, to both the

Middle East and South America. It is believed that the craft now undergoing re
design is most probably the prototype.
Due to financial difficulties, Airbearings ceased manufacturing hovercraft in the mid
70’s. After Airbearings closed, the prototype craft was purchased and brought to
Ireland where it operated in Cork Harbour for a number of years, until its engine
failed. The craft has changed hands a number of times since then and was eventually
located in the Tipperary Mountains by Mr. Murray. On first arrival the Crossbow
was in a poor state of repair. The engine, fan and a section of the thrust ducting were
missing as well as the crafts most vital component, the skirt. Figure 1.4. illustrates
the condition of the craft as it arrived.

Figure 1.4. The skirtless Crossbow as it was delivered to C.I.T.
As well as these major craft components being missing, the majority of the electrical
wiring and control systems had also been stripped fi'om the craft as may be seen
from the picture of the cockpit in figure 1.5.

Figure 1.5. The Crossbow cockpit with the wiring and control systems removed

The redesign of the Crossbow involves the selection of a new engine and fan. The
engine and fan is used to supply air to the crafts lift and thrust systems. To ensure
that the new engine is suitable for operation in the Crossbow, a cooling and exhaust
system is designed. To minimise noise and make maximum use of the engines
power, a specially designed, high efficiency transmission system is manufactured. A
new skirt configuration is designed with the aid of computer software developed
exclusively for that purpose. During the course of the project, it was discovered that
the Crossbows aluminium honeycomb chassis had been almost completely corroded.
A complete re-build of the crafts structure is therefore required. A new lightweight,
corrosion resistant honeycomb material is selected for this purpose. In the event of a
sudden power loss, the Crossbow could impact the waters surface at a high velocity
As a safety precaution an air lubrication system is fitted to the base of the craft to
minimise the viscous drag forces, which occur on impact.

1.2 Skirt matenal assessment
The second area of research in this project involves the development of a number of
test ngs, to accurately simulate the operating conditions experienced by a full-scale
craft. The production of more durable and lightweight hovercraft skirt matenal and
the testing of these matenals are two cntical areas, which if advanced, would lead to
a major advancement of the technology as a whole. Stability and controllability
problems still exist with all skirt systems, but the poor durability of the skirt material
is a more cntical problem. Accurate simulation of operational conditions, in a
laboratory environment, will reduce material testing costs.

Research into skirt material constniction, manufacture and modes of failure is
undertaken. Mantle (1975) discusses the main modes of skirt material failure, the
majonty being caused by fatigue. The high frequency oscillation associated with
movement of the craft over water, coupled with water absorption, causes the rubber
coating to separate from the woven core. The exposure of the core fabric soon leads
to complete failure of the material. Research is also conducted into the methods
currently being used in the testing of skirt materials. Test rigs already exist, which
can produce similar wear and failure patterns to those experienced by an in-service

skirt. However, matenal lives on these rigs do not correlate well with the lives of
materials on actual hovercraft. When designing a material test rig, it is important to
investigate all relevant factors, which influence the full-scale in-service skirt and
then simulate these as accurately as possible. To ensure accuracy of the simulation,
the following constraints were adhered to during the course of each test rig design:

1. True fixity of all skirt components.
2. Actual cushion airflow.
3. Actual cushion pressure.
4. Correct loading frequency.
5 Correct loading magnitudes.

CHAPTER 2
LIFT & THRUST SYSTEMS

2.1 Introduction
In this chapter, the differing requirements of hovercraft lift and thrust systems are set
forth. The advantages and disadvantages of dual fan and integrated lift and thrust
systems are outlined. A new fan, for the Crossbow hovercraft, is selected based on:
versatility and adjustability for testing purposes, maximum use of available power,
minimisation of noise and meeting requirements of both the lift and thrust systems.
A software program, used to select the most suitable fan, is introduced. A classical
fluid dynamics approach is used to derive the formulae employed in the calculation
of the airflow necessary to produce the required cushion pressure. After allocation of
lift airflow, the remaining air is available for thrust. A flow loss analysis, along the
thrust ducting, determines the static thrust available for propulsion. As available
thrust diminishes with craft velocity, a method to predict the rate of change of thrust
with craft velocity is introduced. A comprehensive drag analysis for land, calm
water and rough water operation is undertaken. By combining the variation of
available thrust with information obtained from the drag analyses, the Crossbows
performance over land, rough water and calm water is predicted.

2.2 Hovercraft lift and thrust systems
The purpose of the lift system in any hovercraft is to create a cushion of air beneath
the craft in order to raise it above the surface over which it is operating. Essentially
the lift system must force air beneath the craft to produce the static pressure required
for lift and at the same time replenish the air lost due to leakage from beneath the
skirt. Generally, either an axial or a centrifugal fan supplies lift air. On smaller craft,
such as the Crossbow, axial fans are the more popular choice. By supporting the
craft on a cushion of air, the coefficient of friction between the craft and the surface
is greatly reduced and therefore less energy is required for propulsion. The thrust
system is required to accelerate the hovercraft, to a reasonable speed against the
resisting forces, which it will encounter on water, on level ground or on an incline.
An axial fan or a propeller usually supplies thrust force.

There are many ways of supplying lift and thrust air. A hovercraft may have as
many fans and/or propellers as the designer wishes. In fact, some of the larger craft
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use several different combinations of fans and propeller. However, most small
hoveraaft will use either one or two fans.

The simplest mechanical system incorporates the use of one engine to drive a single
fan, which will provide both lift and thrust. This is known as an integrated system.
In this system, the circular duct is divided in two by a splitter plate. Generally a third
of the air is used for lift and the remainder for thrust. This system is light as the
requirement is just for one engine and fan. However, this system will have a lower
efficiency due to the differing fan requirements of lift and thrust systems.
A good lift fan is not likely to perform well as a tlirust fan and vice versa. A good
lift fan utilises several blades passing over the lift duct at any time. This
configuration ensures that the cushion pressure is maintained and that lift air cannot
pass back through the openings between the fan blades. For a set engine power, as
the number of fan blades are increased, the pitch of those blades must be reduced.
Otherwise, the engine will not be able to accelerate up to speed. However, as blade
pitch is reduced, thrust is also reduced. Thus a fan with fewer blades, like a two
blade propeller, could have those blades set at a higher pitch for more thrust.
However, the lift system will then be less efficient. With two blades, on an
integrated craft, constant airflow is restricted by the greater interval between each
blade passing over the lift duct. Figure 2.1 illustrates this by comparison of a multibladed fan and a twin bladed fan in an integrated systems duct.

SPLITTER PLATE

LIFT DUCT

Figure 2.1. Comparison of multi-bladed and twin bladed fans in an integrated
system.
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Small hovercraft, which use two fans, dedicate one fan to provide lift and the other
to provide thrust. A separate engine is used to power each fan. A single engine can
be used to power both fans but, mechanically, this is complicated. The dual fan
approach is more efficient as each fan and engine pair can be matched for optimum
performance. The dual system also gives greater control as the lift and thrust
systems can be operated independently. Tlius, the craft can hover on the spot with
out moving horizontally as would happen on an integrated craft. However, due to the
extra equipment, dual systems are heavier and more expensive than integrated
systems.
There are many factors to be considered before deciding on a dual fan or integrated
lift and thrust system for a small hovercraft The gain in efficiency and control with
the dual system may be negated by increased weight and cost and vice versa. The
factors influencing each new design should be considered carefully before making a
decision. In the case of the Crossbow, the decision was less ambiguous; as the craft
originally employed an integrated lift and thrust system and any change would have
meant making excessive structural alterations to the hull and superstructure.

2.3 Fan selection
Originally, the crossbow utilised an 850mm diameter, four-bladed wood-laminate
fan, which was directly driven by the 135 HP engine (Neal, 1974). This fan is
pictured in figure 2.2. The four blades have quite a high pitch. This suggests that tlie
engine power would have, for the most part, converted to thrust and tlie small
number of blades implies that the lift system efficiency was low. At full power, the
135HP engine rotated at 4,500 r.p.m., (Air Cushion Review, 1974). This high-speed
rotation meant that the fan blades passed over the lift duct at sufficiently frequently
intervals, thus reducing the amount of backflow though the duct. However, this
high-speed rotation meant a high fan tip speed and therefore high noise. For an
850mm diameter fan rotating at 4,500 r.p.m., the tip speed is 200ms'\ To put this
speed into perspective, Fral Products Ltd., a company, which supplies fans for use in
hovercraft, recommends a maximum tip speed of 90ms'* for its standard fans (see
appendix 1)
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Figure 2.2. The four-bladed, wood-laminate fan in the Crossbow inlet duct, (Air
Bearings Ltd 1974)

Critical selection criterion for the new hovercraft fan included minimisation of
noise, maximum use of the 175 HP available from the engine and maintenance of the
original fan diameter of 850mm to match the existing ducting. The fan also had to be
adjustable so that in the future test parameters could be varied.

After extensive research, it was finally decided to employ a Multi-Wing® Type Z
fan. Due to their simplicity and versatility, these fans have been used extensively for
light hovercraft all over Europe and the United States. The Z range of Multi-Wing®
fans are assembled from aluminium hubs and adjustable pitch blades. Blade pitch
can be varied between 25^ and 50®. An added advantage with a Multi-Wing® fan is
that, if a single blade is damaged, it may be quickly and inexpensively replaced.
Repair of a complete fan is expensive and time consuming. Multi-Wing® fans are:
corrosion resistant, facilitating use in saltwater environments, lightweight to produce
a lower moment of inertia, thereby reducing wear and stress and have a highstrength, giving a longer life and therefore reduced maintenance costs.
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Multi-Wing® fans are available in four different hub sizes and four different blade
profiles. Each blade profile may be produced fi'om four of different materials. The
hubs are manufactured fi'om a light, pressure die cast aluminium alloy. The hubs are
capable of taking 5, 9, 12 or 16 blades. However, other combinations are possible,
such as 6 blades in a 9 hub or 8 blades in a 16 hub, further adding to the versatility
of these fans. The different blade profiles are known as: 3Z, 4Z, 5Z and ZREV. The
first three have an aerofoil profile, but varying length to breadth ratios. The ZREV
blade has a symmetrical profile. Each blade can be manufactured fi'om: glass
reinforced polypropylene, glass-reinforced polyamide, glass reinforced anti-static
polyamide or aluminium, (Multi-Wing®).

A number of different hub and blade profile combinations were assessed, utilising
software supplied by Multi-Wing®. As a starting point, it was decided to employ the
maximum number of blades possible. This ensures a constant supply of air to the lift
system. To produce thrust and absorb power, the pitch of these blades are inclined at
a maximum angle of attack. Other factors included minimising tip speed and
maximising airflow.

Information such as fan diameter, hub type, number of blades, blade type and speed
of rotation had to be imputed to the Multi-Wing® software. Tlie software tlien
processed this information to produce the output window shown in figure 2.3.
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Figure 2.3. The output window from the Multi-Wing® fan analysis software. (MultiWing®, 1996)

The output window produces a series of fan performance curves and power versus
flowrate for each of the blade pitch angles. By picking a point on any of the
performance curves, more detailed information can be accessed. This information is
displayed in the top right hand comer of the window. For example, by picking on the
lower right end of the 50^ curve, the following information was revealed:

Air flowrate, (FI)

= 30.3mV'

Static pressure, (Ps)

= 737 Pa

Dynamic pressure, (Pd)

=1610 Pa

Total pressure, (Pt)

= 2350 Pa

Absorbed power, (Pw)

= 169 HP

Efficiency, (%)

= 56%

Sound power, (1||||| Pa)

= 89 dB(A)

A 12 bladed hub fitted with twelve 5Z, glass reinforced polyamide blades, having an
angle of attack of 50^^, was selected as the optimum choice. The 5Z blades were
selected as they absorbed the most power. Selection of the stronger glass reinforced
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polyamide blades allowed a higher tip speed of 120ms'^ see appendix 1. This higher
tip speed again increases the future testing capabilities of the fan.

Lowering the pitch angle and/or using a 9 bladed hub would have required the speed
of rotation to be well above the recommended limit before the available power
would be absorbed. By using a 16 bladed hub fitted with 16 blades the speed of
rotation required to absorb the available power was much lower, resulting in less
noise. However, the efficiency was also very low and the overall effect was to cause
a substantial loss in airflow. The 12 bladed fan operates at a comfortable 2950 r.p.m.
where it absorbs 169 HP. The selected fan is pictured on figure 2.4.

Figure 2.4. The 12 bladed fan selected to provide lift and thrust to the Crossbow.
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As may be seen from figure 2.4, the fan has a large number of blades to ensure a
constant supply of air to the cushion. The blades have the liighest possible pitch
angle to ensure maximum thrust and at maximum power, the speed of rotation
produces a tip speed of just above the recommended speed of 120ms'*.

2.4 Lift requirements
At atmospheric pressure, the density of air is 1.229 kgm'^. As the pressure of air is
increased, compression occurs causing density to rise. However, in this section the
density of air will be considered constant at 1.229 kgm'^. Standard atmospheric
pressure is 101325Pa. The cushion pressure of the Crossbow is 737Pa above
atmospheric. This pressure would produce a 0.727% increase in density. This figure
is too small to significantly affect performance calculations and so the assumption
that density remains constant is valid.

A fan increases the energy of the air tliat passes through it and is thus known as an
energy-increasing device. Increasing the pressure of a volume of air increases the
amoimt of energy it contains. This energy increase is measured above some datum,
generally atmospheric pressure. Acceleration of air from rest to a certain velocity
also increases its energy. When air is accelerated, the energy increase is measured by
the change in velocity. The “total energy” contained in any volume of air is the sum
of the pressure and velocity energies. However, tliese two energies are measured by
two different properties, pressure and velocity, “Static pressure” is a measure of the
energy increase due to increased pressure and “dynamic pressure” is a measure of
tlie energy increase due to an increase in velocity. Total pressure is the sum of the
static and dynamic pressures and is given by equation 2.1.

Pt - Ps +Pd

(2.1)

Where;
Pt = Total pressure (Pa)
Ps = Static pressure (Pa)

Pd = Dynamic pressure (Pa)
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The conversion from velocity to pressure is given by:
Pel = VaPaV

(2.2)

Where;
pa = Air density (kgm‘^)

V = Velocity (ms’j

Equation 2.2 can be expressed in terms of the air velocity:

V=

(2.3)
Pa

By combining equations 2.1 and 2.3 the total pressure can be expressed as;
P, = Ps +

(2.4)

Figure 2.5 depicts an idealised airflow exiting from beneath a hovercraft skirt.

Figure 2.5. Idealised airflow from beneath a hovercraft skirt.

In an ideal flow there can be no loss of energy between stations 1 and 2. The total
pressure between the two stations must remain constant. Thus it can be said:

P.,+'/=PaV,^=Ps,+'/=PaV2^

(2.5)

The suffixes 1 and 2 refer to the conditions at stations 1 and 2
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The flow area in the cushion is larger than the exit area, typically five times larger
(Wilhams, 1965). Therefore V2 is much larger than Vi, hence
larger than Vi. If the term Vi

W2

is 5^ or 25 times

is neglected completely, an error of only 4% is

introduced. This error is acceptable for reasons discussed overleaf As there is no
solid boundary to the straight flow at station 2, the static pressure inside the flow is
equal to that outside. The air outside this jet is at atmospheric pressure and so has a
static pressure (Ps) of zero, therefore P5^= 0. Applying this and neglecting

Wi

equation 2.5 can be written as:

(2.6)

Pg^ is, in fact, cushion pressure (Pc) and V2 is the exit velocity (Vg). Thus equation
2.6 is re-written as follows;

(2.7)

This is a very important equation and states that, under ideal conditions, the dynamic
pressure of the escaping jet is equal to the cushion pressure. Re-writing the equation
in terms of velocity produces equation 2.8.

(2.8)

V

Pa

If Ae is the exit area, then the flowrate required to produce the desired cushion
pressure is given by:

Q = Ve X Ae

(2.9)

Where:
Q = Air flowrate (m^s'^)
Ve = Exit velocity (ms'^)
Ae = Exit area (m^)
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By combining equations 2.8 and 2.9, the required flowrate is given as

Q = A,

2P
^

(2.10)

i Pa

Unfortunately, equation 2.10 is only valid if the flow conditions are ideal. As air has
viscosity and weight, the flow is more like that depicted in figure 2.6.

Figure 2.6. Real airflow from beneath a hovercraft skirt.

In the real flow, there is a pressure variation along the thickness of the jet, the
narrowest part of the jet occurring just beyond the lip of the skirt. These pressure
variations cause less air to escape than would be calculated by equation 2.10. The
error is accounted for by introducing an escape loss coefficient, (Ke).

is difficult

to calculate and is generally found by experiment. Thus equation 2.10 becomes;

Q=K,aJ^

V
The error introduced by neglecting the

(2.11)

Pa

in equation 2.5 is also accounted for in

the experimental determination of Ke. It should also be noted that the loss in flow is
the designers gain, as less air and thus less power is required to produce the desired
lift. Escape loss coefficients range between 0.6 and 0.7, (Wilhams, 1965).
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Lift power is the product of cushion pressure and flowrate and can be expressed as
follows:

(2.12)

P = Pc.Q

Combination of equations 2.11 and 2.12 yields the power required for a hovercraft
lift system

P = P,KeA p.

(2.13)

V Pa

Increasing the magnitude of the hovergap reduces the fnction between a hovercraft
and the operating surface is reduced. Tins implies tliat less power is required to
propel the craft or, for a given power, a greater top speed may be attained. However,
increasing the hovergap magnitude requires a proportional increase in lift power.
Thus, when selecting a hovergap magnitude, the reduction in friction must be
compared with the increase in power required to produce that reduction. Other
factors, which influence the coefficient of friction, are the type of skirt, craft velocity
and the operating surface. Table 2.1, (Williams, 1965), gives a general guide to
hovergap selection depending on the operating surface.

Table 2.1. Approximate hovergaps for various operating surfaces, (Williams, 1965).

Surface

Hovergap (mm)

Smooth road

6-12

Smooth lawn

12-19

Rough lawn and smooth water

19-25

Fields

25-38

Rough ground and rivers

38-75

b/oS'i,o3

IZ-/S'

A segmented skirt, the type fitted to the Crossbow, has good fiictional
characteristics and so lower hovergaps are generally required. When discussing the
Crossbow skirt, it was stated that; “a hovergap of half an inch is fine” (Cooke,
1997). As the Crossbow would rarely operate over rough ground and on
consideration of the low fiictional characteristics of the segmented skirt, a hovergap
of 15 mm was selected.

The all up weight of the Crossbow was 952 kg, (Air Cushion Review, 1974). After
the re-design, the weight should not be greater than this. In fact, attempts will be
made to reduce the weight. However, for the lift calculations, the all up weight is
considered as being 1000kg. By erring on the side of caution, a safety factor has
been introduced, which ultimately will only have the effect of causing a slight
increase in the hovergap.

In calculation of the required lift air flowrate, a pessimistic escape loss coefficient,
(K^.), of 0-7 is assumed. The cushion has a perimeter of 13.925m, implying an escape
area of

Ac= 15xl0'^x 13.925 = 0.2088ml

The cushion area on the Crossbow is 13.312m^. Thus, the cushion pressure (Pc) is:

Pc = (1000

X

9.81)/13.312 = 737Pa

As air is considered incompressible then its density (pa) is 1.229 kgm'^. Substitution
of these values into equation 2.11 yields:

Q =(0.7)0.2088,
V 1.229
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As a check, a second, more general formula, cited by Amyot (1989), was also used
to calculate the lift air flowrate. This formula is a follows:

Q=

(2.14)
o

Where;
Q = Flowrate (m^s'^)
K = Constant (0.0272)
Lp = length of cushion perimeter (m)
W = Craft weight (N)
Ac = cushion area (m^)
Ph^o ~ Cushion pressure (cm of H2O)

Substitution of the correct values yields;

(00272)092^00^

13.312V7.515

This result is over 20 times greater than that given by equation 2.11. After several
checks, no error could be found in either calculation. An imperial version of Aymots
fonnula was then used to calculate the flowrate in cubic feet per second. When
converted to S.I. units this yielded a value of 5.1m'\‘' thus confirming the accuracy
of the derived formulae. On further analysis of Aymots metric formula, it was
discovered that a value of 0.0272 for the constant K was incorrect. A more accurate
value of this constant was calculated to be 0.00137. Mr Aymot was contacted via his
publishers, Elsevier, and confirmed the fact that 0.00137 is correct. This error is to
be corrected in future publications.

The maximum airflow from the fan, when the static pressure is 737Pa, is 30.3m^s‘'
(see figure 2.3). Thus, the lift system requires 16.7% of this airflow. However, the
engine will not always run at maximum power, i.e. at a speed of 5,000r.p.m.
Therefore, maximum airflow is not always available. The recommended operating
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engine speed lies between 4,280 and 5,720r.p.m. (Johnson Outboards, 1997). Due to
the power required by the fan, a speed of 5,720r.p.m. will never be attained. It must
be ensured that the required airflow, of 5.06m^s‘' is available at lower speeds. At an
engine speed of 4,280r.p.m the fan produces an airflow of 25 m^s ^ Therefore, the
lift system is allocated 20.25% of this airflow i.e. 5.06m^s'’. At full power, the lift
system will receive 6.14m^s‘*. The major consequence is an increase the hovergap
from 15mm to 18mm.

The maximum power required by the lift system is found by employing equation
2.12.

P = 737(6.14) = 4.525kW = 6.1HP

Under these operating conditions, the fan has an efficiency of 56%, as shown in
figure 2.3. The power supplied by the engine, is then 10.9HP.
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2.5 Thrust system
Figure 2.7 illustrates the arrangement of the engine, fan and ducting are arranged on
the Crossbow.

Figure 2.7. Arrangement of engine, fan and ducting on tire Crossbow.

The engine and fan are mounted at an angle of 10° to the horizontal. The splitter
plate is positioned so that the requisite amount of air is supplied to the lift system.
All the lift air passes through a single duct and enters the cushion approximately mid
way along the crafts length. The remaining air is used to provide thrust. The thrust
air passes over the engine and, at the same time, is turned through an angle of 80°
before exiting the craft at the rear. A smooth fibreglass faring, designed to minimise
flow losses, covers the engine.

The axial thrust developed by tlie fan is calculated via equation 2.15, (Multi-Wing®,
Type Z Catalogue)

T ,
"

;zd2

"

4

(2.15)

Where:
Ta = Axial thrust (N)
d = Fan diameter (m)

^ 4(1-229)(30.3) ^ 7375( j5) ^ 2407N
;r(.85)^
4
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Thus, when the engine is at maximum power, the fan is capable of producing a static
thrust of 2407N. However, 20.25% of tlie airflow is taken by the lift system and, if
the static thrust is reduced accordingly, a value of 1920N remains available.
As air flows in a duct, its energy is reduced due to: skin fiiction, bends and changes
in duct area. As the Crossbow duct is too short to develop significant fiictional
losses, losses will be due to area change and the presence of the 80^ bend. Equation
2.16, (Forges, 1976), expresses pressure loss due to fittings, such as bends and
reductions as;

(2.16)
2g
Where:
H = loss of head due to fitting (mm H2O)
F = Fitting coefficient of resistance
g = acceleration due to gravity (ms'^)

Figure 2.8, (Forges, 1976), details coefficients of resistance for various ventilation
system fittings.

Figure 2.8. Coefficients of resistance for ventilation system fittings.
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The bend, which has the most geometrical similarities to the bend in the Crossbow
duct is item 2, the 90° rounded elbow. The fact that tlie bend in the Crossbow duct is
10° less is not significant. “One might expect the loss through a bend to be
proportional to the angle turned through, but it appears this is not quite so.........
Some authorities claim that the loss for a bend of 180° is a little less that that for two
bends of 90° but that, on the other hand, the loss for a bend of 45° is a little more
than half that for a bend of 90°.” (Jones, 1973). Thus the 10° difference may be
ignored and a resistance coefficient, (F), of 0.5 is selected. The inlet of the thrust
duct, where the fan is mounted, is circular in shape, and has a diameter of 0.85m.
However, 20.25% of this circular duct supplies the lift system and so the inlet area
of the thrust system is reduced accordingly. The inlet area is calculated as follows:

Aera =

0.7975 = 0.453m^

A may be seen from equation 2.16, head loss is proportional to air velocity. Head
loss will be highest when the maximum amount of air is passing through tlie tlirust
system. The maximum flowrate, which the fan can produce, is 30.3m^s'’ and 79.75%
of this will pass through the thmst duct. Thus the air has a maximum velocity, V,

V=

0.453

= 53,4ms-'

Substitution of this velocity and die other values into equation 2.16 yields the loss in
head, H,

H = 0.5

(53 4)^1 229
= 89.3mm = 875.8Pa
2(9.81)

The outlet of the bend is rectangular in shape, but has the same crossectional area as
the circular inlet. The outlet of the dimst system is also rectangular in shape and has
a crossectional area of 0.343m^. Thus, there is a reduction in area along the length of
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the duct. This reduction occurs gradually. By reference to figure 2.8, item 10, it may
be seen that a gradual reduction has a coefficient of resistance of zero. This implies
that no loss occurs due to the reduction.

As bend area does not change, the velocity remains constant and therefore dynamic
pressure will be constant. The loss of head causes a drop in static pressure. This loss
occurs across the bend, which has an area of 0.453m^. The loss in thrust is therefore:

Loss = 0.453(875.8) = 397N

Tlie presence of the bend causes tlie thrust to reduce from 1920N to 1523N

As the velocity of a hovercraft increases, the amount of thrust produced by the fan
decreases proportionally, provided engine speed is kept constant. This reduction is
due to the fact that, as velocity increases, the air encountering each blade strikes it at
a progressively smaller angle, (Perozzo, 1995). Tlie variation of thmst with velocity
is given by equation 2.17.

V ^
103.6 j

(2.17)

Where:
Td = Dynamic thrust (N)
Ts = Static thmst (N)
V = Craft velocity (ms*')
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Figure 2.9 illustrates the variation of thrust with increasing craft velocity.

Varition of Thrust with Velocity

Figure 2.9. Variation of thrust with craft velocity.

2.6 Drag and performance prediction.
When a hovercraft operates over land and water it will experience several different
types of drag. Some types of drag will be constant and others will vary with velocity.

2.6.1 Over-land frictional drag.
The most basic form of hovercraft drag is fiictional drag encountered when
operating, on land, over varying terrains. If the craft does not have sufficient thrust
to overcome these forces, it will be incapable of accelerating from rest. Table 2 lists
the coefficient of fiiction for four types of terrain, (Aymot 1989), as well as the
magnitudes of these forces, assuming a craft weight of 981 ON.
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Table 2.2. Coefficients of friction and frictional forces acting on the Crossbow
Terrain

Coefficient of Friction

Frictional Force (N)

Smooth Ice

0.01

98.1

Short Grass

0.05

490.5

Rough Ground

0.20

1962

Long grass and Scrub

0.30

2943

The high coefficient of friction for the long grass and scmb is mainly due to the
force required to push the vegetation aside, and is greatly reduced after the second or
third pass. From table 2.2, it may be seen that the Crossbow will not be able to
operate over rough ground or in long grass and scrub. However, this is not a
problem, as the Crossbow is destined to be operating over concrete, tarmac and short
grass. Thus the maximum frictional force to be overcome, is in the region of 490N.

Another obstacle, which the Crossbow will encounter on land, will be an inclined
surface. To climb tlie slope the craft must provide a thrust greater than its vertical
component of force on that slope. Equation 2.18 allows calculation of tlie slope
angle, given the available thrust.
^ = Sin

/T^

vWy

(2.18)

Where:
(p = Slope of incline (deg)
T = Thrust (N)
W = Craft weight (N)
Assuming a surface with a coefficient of fiiction of 0.05, tlien the tlirust available to
climb the slope is; 1523 - 490 = 1033N. The slope angle is thus;
„. -if 1033^
= 6.05'’
(p - Sin
9810
Of course, if the surface of the slope is more smooth, then a greater incline can be
climbed and vice versa.
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2.6.2 Over-water frictional drag.
The drag, which a craft experiences when operating over water, differs from land
operation in that this drag varies with velocity. When a craft is hovering over water,
it displaces and depresses the water beneath it. The depth of the depression is equal
to a head of water equivalent to the cushion pressure. As the craft accelerates
forward, this depression moves with it creating a bow wave. Hence, this type of drag
is sometimes called “wave making drag”. The bow wave is an obstacle, which the
craft attempts to climb. If further power is applied the bow of the craft will rise up
on the wave. At this point, the craft is effectively climbing a slope. The drag is now
the sum of the force due to the creation of the wave and the force due to the
inclination of the craft. If still more power is applied, the craft climbs over the top of
the wave and a pronounced increase in acceleration occurs. The increase in
acceleration is because the craft is no longer creating a bow wave. As the craft
velocity increases, due to the inertia of the water, the slope of the depression
becomes progressively shallower and the craft begins to re-align itself with the
horizontal and “planes” above the waters surface. The stages in accelerating a craft
over water are illustrated m figure 2.10. The speed, at which the drag is at a
maximum, is called “hump speed” and the drag, at that speed, “hump drag”. These
names originate from the pronounced hump manifested on a graph of drag against
speed for over-water operation.

3. CRAFT PLANING OVER WATER

Figure 2.10. Various stages in overcoming hump drag.
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Fitzgerald and Wilson, (1995), cite equation 2.19, derived by Crewe and Eggington,
(1959),which may be employed to calculate the theoretical wave making drag for a
range of craft velocities. It should be noted that this formula is in imperial units.

IX

2PcC''

\-Cos Leg
V

(2.19)
J

Where:

IX = Wave making drag (lbs)
Pc = Cushion pressure (Ibs/ft^)
C = Craft weight (lbs)
w = Density of water (Ibs.ft^) Salt water = 64 Ibs.fC
Lc = Cushion length (ft)
g = Acceleration due to gravity (ft/sec/sec) = 32 ft/sec/sec
V= Craft velocity (ft/sec)

Equation 2.19 was used to plot a graph of drag versus craft velocity for the
Crossbow. This graph is plotted in figure 2.11, using SI units.

Figure 2.11. Variation of hump drag with craft velocity.
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Figure 2.11 indicates that the theoretically derived equation produces two humps.
Figure 2.12, (Barratt, 1965), compares the variation in drag coefficient with Froude
number for theoretical and experimental results.

Figure 2.12. Variation of Hump drag coefficient with Froude Number, (Barratt,
1965)

As may be seen fi*om figure 2.12, (Barratt, 1965), the experimental results do not
produce the first hump. The first hump occurs over a very small speed range and is
rarely encountered in reality. Referring to the first theoretical hump, Trillo, (1971)
states; “for a craft accelerating it may be found that, since waves take a finite time to
form, the craft can accelerate through the hump condition before the induced wave
has time to build up fully.” The craft accelerates faster than the wave can be created,
thus the first hump is not encountered during operation.

33

Figure 2.13 is a modified re-plot of figure 2.11. The velocities, which produced the
first hump, have been omitted to produce a more realistic curve.

Figure 2.13. Modified hump drag curve with low velocity hump eliminated.

From figure 2.13, the maximum drag occurs at a speed of 3.7ms'’ and has a
magnitude of 657N. The available thrust is 159IN. Thus the craft is well capable of
accelerating beyond hump speed. As a check, equation 2.20 can be used to calculate
the maximum hump drag. The maximum drag occurs when the Cos term yields a
value of-1, i.e. at k radians. Equation 2.19 then becomes:

IX

WL^

y

(2.20)

Substitution of Crossbow data yields a value of 657. IN as the maximum drag and
confirms the validity of the graphical maximum shown in figure 2.13.

From figure 2.12, it may be seen that the actual drag curve is shifted to the left of the
theoretical curve. This means that, in reality, the maximum drag occurs at a lower
velocity. Fitzgerald and Wilson, (1995), and Perozzo (1995), both cite equation 2.21
as a means of calculation of the hump velocity, (this equation is in imperial units).

34

(2.21)

Where;
V„ph = Hump velocity (mph)
Lc - Cushion length (ft)

Utilising equation 2.21, a velocity of 5.66mph (2.53ms'^) was calculated. Thus
actual hump speed, for the Crossbow, occurs at a velocity l.lTms'^ less than that
shown in figure 2.13. By assuming the theoretical hump velocity to be correct, an
additional margin of safety is built in to the design. However, in the interests of
accuracy the curve in figure 2.13 is shifted to the left by l .lTms'V The result is
illustrated in figure 2.14.

Figure 2.14. Modified & corrected hump drag curve.

2.6.3 Rough water drag.
Rough water drag, as the name suggests, occurs when a craft is operating over
waves. It is caused by the skirt surface coming in contact with water. In calmer
water, there will be relatively no contact. However, when operating on waves, rough
water drag becomes quite significant. No satisfactory method exists for the
prediction of rough water drag (Trillo, 1971). It is sometimes found by using model,
or full-scale tests, to determine total drag and then assign any excess above
calculated values to rough water drag (Trillo, 1971). An experienced hovercraft

35

designer, (Williams, 1965) employed equation 2.22 to calculate the drag force on an
immersed body. Williams then employed this equation to approximate rough water
drag forces for a craft very similar in size to the Crossbow.

D, =Cf.A„.X.p„.v2

(2.22)

Where:
Dr = Rough water drag (N)
Cf = coefficient of surface fiiction
Aw = Wetted area (m^)
pw

= Density of water (kgm’^)

V = Craft velocity (ms'*)

Equation 2.22 indicates that rough water drag is dependant on the coefficient of
surface fhction, the wetted area, water density and craft velocity. The instantaneous
magnitude of wetted area is difficult to determine. Coefficients of surface friction for
materials such as wood, glass, and fibreglass are in the region of 0.005, (Williams,
1965). Due to material deformation, tire coefficient of fiiction for a skirt is higher
than for a rigid material. In approximation of wetting drag for his craft, Williams
assumes a value of 2.5 ft^ (0.23m^) for wetted area and a coefficient of surface
friction of 0.025. Due to craft similarity, the same values are assumed for the
Crossbow. The density of seawater is taken to be 1025kgm^ Because this density is
greater than that of fresh water, a slightly larger drag value is calculated. Figure 2.15
illustrates the variation of rough water drag for a range of craft velocities.
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Variation of Rough Water Drag with Velocity
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Figure 2.15. Variation of rough water drag with craft velocity.
Hovercraft encounter two other significant drag forces, form drag and momentum
drag. These forces are independent of operating surface, occurring on both land and
water with equal magnitude
2.6.4 Form drag.
Form drag occurs due to the craft attempting to push its way through still air. Form
drag is dependant on the crossectional area and aerodynamic shape of an object and
varies proportionally with the square of the speed. Methods for calculation of form
drag are well established, the m^ority of research being carried out by the
aeronautical industry. Form drag for the Crossbow is calculated using equation 2.23,
(Williams, 1965).

Df -Cf).Af.-.pa.V'

(2.23)

Df = Form drag (N)
Cd = drag coefficient
Af = frontal area (m^)
Pa = Density of air (kgm'^)
V = Craft velocity (ms'^)
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The drag coefficient, (Cd), sometimes called form factor, is generally found
expen mentally. Perozzo, (1995) states; “A practical craft will have a form factor of
about 0.5”. Thus a Cd of 0.5 is taken for the Crossbow. The frontal area of the
Crossbow is 3.1 Im^ and the density of air is again taken at 1.229kgm^. The variation
of form drag with velocity is illustrated in figure 2.16.

Figure 2.16. Variation of form drag with craft velocity.

2.6.5 Momentum drag.
Momentum drag is caused by acceleration of air, for the lift system, from rest at
atmospheric conditions to craft velocity. Air that initially has no velocity, if wind is
neglected, is drawn onboard the craft by the fan. Once inside the lift ducting, this air
will be travelling at craft velocity. Since air is continually passing through the lift
system, air is being continually accelerated to craft velocity. A force is required to
accelerate this air. The reaction to this force constitutes momentum drag.
Momentum drag is proportional to craft velocity and the mass flow of air in the lift
system. Equation 2.24 defines momentum drag as:
D^-m,.V

(2.24)

Dm = Momentum drag (N)
rha = Air mass flow (kgs'*)
V = Craft velocity (ms'*)
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Figure 2.17 illustrates the variation in momentum drag for a range of craft velocities
at the maximum air lift air flow of 6.14m^s'^ (7.54kgs'*).

Figure 2.17. Variation of momentum drag with craft velocity.

2.6.6 Performance prediction.
Neglecting the effects of wind and surface inclination, a hovercraft continues to
accelerate until the available thrust is equal to the sum of the drag forces. When
operating on land, a hovercraft must overcome momentum and form drag as well as
the frictional force due to the operational surface. Maximum over-land velocity will
be achieved on the surface with the lowest coefficient of friction. Table 2.2,
indicates that smooth ice has the lowest coefficient of friction. However, considering
Irish climatic conditions, it is unlikely that a sufficient amount of smooth ice will
ever be available to test the craft. A more likely situation would be operation over
smooth concrete or tarmac. These surfaces have a coefficient of friction somewhere
between that of smooth ice and short grass. A value of 0.025 is assumed, producing
a frictional force of 245N. Figure 2.18 illustrates the variation with velocity of
thrust, form drag, momentum drag and frictional drag over concrete/tarmac. Also
shown on figure 2.18 is the total drag curve.
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Maximum Over-land Speed

Velocity (ms )
•Thrust

•Form Drag

•Frictional Drag

•Total Drag

■Momentum Drag

Figure 2.18 Over-land drag forces.

The point, at which the total drag curve intersects the thrust line, is the point that the
Crossbow may not accelerate beyond. This occurs at 27.5ms'^ or 53.5 knots
(61.5mph).

When operating over water, the Crossbow will not encounter frictional drag.
However, it will have to overcome hump drag. Hump drag is at its maximum at low
speed and falls to a negligible value as the craft accelerates. Thus, when operating at
speed over calm water, there are only two drag forces to be overcome, namely form
and momentum drag. Thus, maximum speed, regardless of operating surface, will
occur on water. However, if operating on rough water, the top speed will be greatly
reduced. Figure 2.19 illustrates the variation, with velocity of thrust, form drag,
momentum drag, hump drag and rough water drag. Figure 2.18 also plots total drag
curves for calm and rough water operation. The total calm water drag is the sum of
all the possible over-water drag forces less rough water drag.
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Figure 2.19. Over-water calm and rough water drag forces.

From figure 2.19, the maximum over water velocity occurs on calm water and has a
value of 30ms‘’ or 58 knots (67mph). When operating on rough water, the max
speed is reduced to 17ms'‘ or 33 knots (38mph). This reduction illustrates the
significant effect of rough water drag.
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2.7 Summary
The problems associated with selection of a fan for an integrated lift and thrust
system have been introduced and discussed. The fan must be capable of providing a
continuous supply of lift air and, at the same time, producing sufficient thrust to
propel the craft to a reasonable velocity. By employing a software program, an
850mm, twelve bladed fan with a blade pitch angle of 50^ was selected as the
optimum choice. The large number of blades ensures a continuous lift air supply.
The large pitch angle will provide excellent thrust. The fan absorbs 175HP at a
speed of only 2950 r.p.m., so noise will be low. The fan is produced from a
lightweight aluminium hub and high strength glass reinforced polyamide blades. The
blades may be individually replaced allowing for simple and inexpensive
maintenance. Another advantage is that with the selected fan there is the ability to
adjust the pitch of the blades and to even remove a certain number of blades. These
factors greatly increase the ftiture testing capabilities of the fan

By employing classical fluid dynamic theory, the lift airflow required to produce the
necessary cushion pressure was calculated to be 5.06m'\‘'. The remaining airflow is
ducted rearward for thrust.

A flow loss analysis predicts that the static thrust, available for propulsion, reduces
from 1920N to 1523N as the air passed through the thrust duct. This loss is largely
due to an eighty degree bend in the duct work. Available thrust is inversely
proportional to craft velocity. At a speed of 60 knots (69mph), the available thrust
falls to 1069N, a critical parameter for craft performance.

In the over-land drag analysis, three drag forces are predominant. These are:
frictional drag, momentum drag and form drag. Frictional drag depends on the
operating surface and is constant for that surface. Momentum drag is proportional to
craft velocity and lift airflow. As the variation in lift airflow is small, the craft
velocity has the greater influence. Form drag is the most significant of the three as it
is proportional to the square of craft velocity. By comparison of the curve for total
over-land drag with the available thrust, maximum craft velocity is obtained. This
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velocity is found to be 53.5 knots (61.5mph), for operation over a “smooth” surface,
such as concrete or tarmac.

For over-water operation, two cases were considered; calm and rough water
operation. For calm water operation, momentum and form drag are still present,
however frictional drag is not. At low velocities, a hovercraft acts like a boat
pushing through the water and experiences hump drag. For the Crossbow, the
maximum hump drag occurs at 4,9 knots (5.66mph) and has a magnitude of 657N.
As velocity is increased, hump drag decreases to negligible values. The maximum
calm water velocity was found to be 58 knots (67mph). When operating in rough
water, a significant amount of drag is experienced due to contact between the skirt
and the waters surface. Rough water drag, like form drag, is proportional to the
square of craft velocity. However, form drag is proportional to the density of air,
while rough water drag is proportional to tlie density of water, which is 814 times
greater. Rough water drag has the greatest impact on craft performance. In rough
water, the Crossbow reaches a maximum speed of only 33 knots (38mph).
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CHAPTER 3
TRANSMISSION SYSTEM
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3.1 Introduction
This chapter introduces the transmission system used to deliver power to the original
Crossbow fan. The transmission system modified the flywheel of the original engine
to allow direct fan connection. Problems associated with the original engine and
transmission system are discussed. These problems include excessive noise and high
gyroscopic forces. A method of matching 2-stroke engines, which deliver their
power at high speeds, to lower speed fans is outlined. The method is used to
calculate the optimum-gearing ratio to deliver maximum power to the fan. A number
of different transmissions methods are assessed to determine their suitability for the
Crossbow. The criteria for selection of the transmission system are; low weight, high
efficiency and ease of maintenance. On selection of a suitable power transmission
method, the transmission system is designed and manufactured. Comprehensive
details of the developed transmission system are given in appendix D1 as a set of
twelve engineering drawings.
3.2 Original transmission system
Onginally, the Crossbow utilised the power-head from a 2-stroke, 135H.P., four
cylinder, V90 Johnson outboard engine to drive the fan. The power-head is pictured
in figure 3 1, (Air Bearings Ltd, 1974). The engine developed maximum power at a
speed of 4,500 r.p.m. (Air Cushion Review, 1974). The Johnson engine has the
advantage that the axis of rotation of the crankshaft is vertical. The majority of
engines have a horizontal axis of rotation and, if used in the Crossbow, would
necessitate a more complicated transmission system, thereby, increasing weight and
reduced efficiency.
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Figure 3.1. The engine originally used to power the Crossbow, (Air Bearings Ltd,
1974).

Modifications were made to the engine flywheel so that the fan was mounted
directly on top of the engine. The modifications involved removing the flywheel and
machining to produce an additional protruding drive shaft. The flywheel was then
replaced and the fan was mounted. This system is extremely efficient as there are
virtually no transmission losses. However, as there is no reduction gearing, the fan
runs at engine speed producing a large amount of noise. The flywheel modifications
are pictured in figure 3.2

Figure 3.2. Fan shaft retrofitted to engine flyv^eel, (Cooke , 1997).
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As well as producing high noise levels, the high speed of rotation produces
significant gyroscopic forces when the craft turned at speed. These gyroscopic
forces place additional loads on the engines bearings. Equation 3.1 gives the
magnitude of the gyroscopic moment (Mg), caused by a fan of moment of inertia (I),
rotating at a speed of ©r rads’\ while turning a bend at a speed of ©b rads’\

Mo = I ©r

(3.1)

Figure 3.3 depicts a plot of gyroscopic moment versus fan speed for a fan having a
moment of inertia of 0.19Kgm^ equal to that of the new fan, (Multi-Wing®, 1996,),
while turning a bend of 10m radius at 58 knots (2.98 rads’^).

Variation of Gyroscopic Moment with Fan RPM

Figure 3.3. The vanation of gyroscopic moment with fan speed.
At a fan speed of 2950 r.p.m., which is equal to the maximum speed of the new fan,
a gyroscopic moment of 175Nm is produced. At a speed of 4,500 r.p.m., the
maximum speed of the older fan, a gyroscopic moment of 267Nm is produced. This
IS an increase of almost 53% on the lower speed. From figure 3.2, it may be seen
that the additional support required for the retrofitted fan shaft is minimal.
Eventually the crankshaft of the original engine failed. This was more than likely
due to the additional load, which the crankshaft and its bearings were forced to
carry.
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3.3 Engine selection
From consultation with a number of leading hovercraft designers during several
research visits to Gosport, England, where the Crossbow was manufactured, the
general consensus is that the Crossbow was underpowered. “She had difficulty
getting over hump” (Jacobs, 1997). “Performance was not good” (Gifford, 1997).
Both experts recommend a 150HP engine for the Crossbow. Based on these expert
views, it was decided to re-fit the Crossbow with a similar type, but more heavily
powered engine. The major outboard engine dealers were contacted in an attempt to
purchase a 150HP power-head. No dealer was willing to supply just the power-head,
only a complete outboard unit was available for purchase at a cost of approximately
10,000IEP. After several months of intensive searching, a power-head was
eventually located in Scotland at a cost of 4,500IEP. This power-head is a 2-stroke
model and is also manufactured by Johnson outboards. The powerhead produces
175HP, but has the same dimensions and weight as the 150HP model. This greater
power to weight ratio allows for greater versatility in field testing and ensures that
the new Crossbow will not be underpowered. The original engine was a V4 model
with 90° between the pistons. The new engine is a V6 model with 60° between the
pistons. This engine is, thus, taller and narrower and, when placed in the air duct, it
occupies less area allowing for an improved airflow.

Before committing to purchase the engine, a comparison was made between the
engine and fan power curves. With some engine fan combinations, particularly 2stroke engines, at lower speeds, the fan may absorb more power than the engine is
capable of producing. Thus, the fan prevents the engine from reaching its operating
range. Figure 3.4, (Fitzgerald & Wilson, 1995), illustrates this phenomenon by
comparison of the power curves of a 2-stroke and 4-stroke engine with the power
curve of a Multi-Wing® fan.
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Figure 3.4. Power curves for a 2-stroke and 4-stroke engine and a Multi-Wmg® fan.,
(Fitzgerald & Wilson, 1995)

Figure 3.4 illustrates that 4-stroke engines have a much flatter power curve than 2stroke engines, thereby yielding the advantage of a broader operating range.
Unfortunately, 4-stroke engines have much lower power to weight ratios, 0.36HP/lb,
while 2-stroke engines have power to weight ratios in the region of 0.8HP/lb,
(Fitzgerald & Wilson, 1995) and so are more suited to hovercraft applications.
However, in figure 3.4, it may be seen that the 2-stroke engine is not capable of
accelerating the fan in question beyond 2,400 r.p.m., as at this speed the fan absorbs
more power than the engine can supply. A number of methods exist to overcome
such a problem: a centrifugal clutch may be used to allow the engine to accelerate
beyond the problem point before engaging. Alternatively, a variable pitch fan may
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be employed and used at a low pitch until the engine has reached a higher power
band. These methods overcome the problem but increase the weight and cost of a
craft. The simplest method is to select a suitable engine from the outset. Figure 3.5
illustrates the power curves for the newly selected Crossbow fan and engine. As the
engine develops power at higher speeds than the fan, a reduction gearing of
approximately 1.7:1 is required.
Engine & Fan Power Curves

•Fan Curve

Engine Speed (RPM)

•Engine Curve

Figure 3.5. Engine and fan power curves for the new Crossbow design.

Figure 3.5 illustrates that the engine does not encounter the problem of being
underpowered at low speeds and is, at all times, capable of accelerating the fan.
Also, by suitable selection of the gear ratio, it is possible to force the fan curve to
intersect the engine curve at the engines peak power thus maximising use of the
available power. The new engine is pictured in figure 3.6.
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Figure 3.6. 175HP Johnson outboard power head.

3.4 Transmission systems selection
On selection of a suitable engine and fan and calculation of the optimum gearing
ratio, a method of delivering power to the fan is developed. The engine delivers
power via a drive shaft, which protrudes from its base. Consultation with the engine
manufacturers indicated that the engine could not operated upside-down. Thus, the
power has to be transmitted from the bottom to the top of the engine, where the fan
is mounted. The criteria for selection of the transmission system are: low weight,
high efficiency and ease of maintenance. Several different transmission systems are
assessed, including a variation on the original system, hydraulic transmission,
toothed gear transmission and belt drives.
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3.4.1 Modified original
At the outset, consideration was given to the re-employment of the original
transmission system, with substantially increased support to prevent unnecessaryloading of the engine and its bearings. This system, like the original, is extremely
efficient, lightweight and simple to manufacture and maintain. A shaft to drive the
fan is bolted directly to the fly wheel utilising the existing bolts shown in figure 3.7.
This shaft is be further supported by additional bearings.

Figure 3.7. Flywheel of the 175HP Johnson outboard power head.

Utilising this method, the fan will run at speeds of up to 5000 r.p.m., thereby giving
a maximum fan tip speed of 223ms'^and almost doubling the recommended tip
speed of 120ms’\ thus invalidating the warranty on the fan. At these high speeds, a
very large amount of noise is produced. Utilisation of sound proofing materials
would reduce the effects of the noise. However, these materials mean additional
weight and cost leading to a reduction in the simplicity and efficiency of the
transmission system as a whole. The new engine employs an electronic timing
control system. This system, its sensors and adjusting mechanism are mounted on a
plastic housing, which covers the flywheel. The presence of this system, above the
flywheel, further complicates the use of this transmission method. The timing
control mechanism and sensors are shown in figure 3.8.
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Figure 3.8. Left: Timing adjusting mechanism. Right: power head timing sensors.

3.4.2 Hydraulics
Due to the flexibility of the transmission medium (oil), a hydraulic transmission
system was deemed a suitable solution to the transmission problem. A hydraulic
pump IS fixed to the base of the engine and a hydraulic motor mounted above the
engine with the fan attached. Hydraulic hoses, connecting the pump to the motor,
may then be neatly run along the side of the engine. Hydraulic couplings give a very
smooth torque transmission and have the advantage that, with suitable control
valves, they give excellent speed control and variable gearing ratios. Through
inclusion of suitable pressure relief valves, a safety mechanism may be built into the
system to protect vital components.

Consultations with a number of hydraulic equipment suppliers revealed hydraulic
transmission to be extremely heavy and inefficient. A hydraulic pump and motor,
capable of transmitting 175HP, have a mass of approximately 30kg each and an
efficiency in the region of 85%, yielding an overall system efficiency of 72.25%.
The hydraulic system also requires components such as an oil sump, oil filters, oil
cooler as well as hosing and valves. A comprehensive hydraulic transmission system
weighs up to 200kg, the m^ority of this weight being taken up by the oil in the
sump. Due to the excessive weight and low efficiency, a hydraulic system is no
longer considered as a viable option.
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3.4.3 Toothed gearing
Toothed gear transmission systems are one of the most common transmission
systems used in engineering. Toothed gears are light, compact and capable of
transmitting large amounts of power at high speeds with relatively high efficiency.

Initially a survey of standard gearboxes was undertaken in an attempt to assemble a
transmission system using readily available components. However, due to the
unusual requirements of the Crossbows transmission system no suitable components
were located. The design of a geared system specifically for the engine was
undertaken. One such design is sketched in figure 3.9.

Figure 3.9. Reduction gearbox designed for the Crossbow engine.

The gearbox in figure 3.9 is designed to be driven by the engines flywheel. The
flywheel is used to drive four sun-wheels, wiiich are equally spaced around the
flywheels periphery. The sun-wheels in turn drive a ring gear. The gear ratio is equal
to the ratio between the number of teeth on the flywheel and the ring gear. A shaft
designed to take the fan hub is mounted on top of the ring gear. This particular
toothed gear system is simple and compact. However, the presence of the timing
equipment on top of the engine dictated against the fitting of this system.

Other toothed gear designs were also considered. One method, which showed some
promise, involved fitting a simple two-wheeled gearing system to the base of the
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engine, this system being driven by the engines drive shaft. Power is then
transmitted up the outside of the engme via a second, longer, drive shaft. A two
wheeled gear system is employed to transmit the power back to the centre of the
engme, where the fan is mounted. The reduction gearing taking places in either the
top or bottom system. Due to the high speed of rotation of 2-stroke engines, the
gears wheels for this system are required to be precession manufactured and then
case hardened. The high rotational speeds cause a large amount of heat to be
generated. This heat is removed by filling the gearbox with oil. The oil is then
passed through an oil cooler via a circulating pump.

The precision machining and case hardening of the gear teeth necessitates
manufacture in the United Kingdom at a cost of several hundred pounds per wheel.
The requisite attachment of an oil cooler and circulating pump to the system further
increased the complexity and cost of the system as well as adding to the overall
weight. Due to these factors, the use of a toothed gear system is no longer
considered as a possible solution.

3.4.4 Belts drives
Initially, the use of belt drives, as a transmission system, did not seem to be a viable
option due to the large amount of transmitted power. Belt systems are the simplest of
all transmission systems. Belts are virtually maintenance free and require no
ancillary components, such as cooling systems. V-belts can produce many different
gear ratios and can transmit at quite high speeds. However, at high torques, V-belts
have a tendency to slip. Toothed belts transmit power more efficiently as they do not
slip, however the gearing ratios available are more restricted. Transmission of
175HP, via the average toothed belt necessitates the use of several belts and pulleys
in series. This requires a large amount of space, which is not available inside the
Crossbows engine compartment.

Further research unearthed the “Chevron” toothed belt and pulley system. These
belts and pulleys, manufactured in the United States, are the latest in high power belt
transmission systems. A single belt, 100mm wide, is capable of transmitting up to
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200HP, (Whitney 1998). Cast iron pulleys drive these belts. These cast iron pulleys
are pictured in figure 3.10.

Figure 3.10. Chevron pulleys.

Due to the toothed nature of the belt system, belt slip cannot occur. The herring bole
layout of the teeth increases tooth area, thus reducmg stress and allowing a greater
load to be carried. The mirroring of the herringbone teeth, about the mid point of the
pulleys width, dictates that axial forces due to the angled teeth balance. This feature
allows for simpler bearing selection, as there is no need to incorporate thrust
bearings in the transmission system. The most important feature about this particular
system is that a pair of pulleys and a belt can transmit power with an efficiency of
98%, (Whitney 1998). Four of these Chevron pulleys and two belts are used to
manufacture the new Crossbow transmission system.
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3.5 Developed Transmission system
The final transmission system, designed for the Crossbow hovercraft, was based
around the chevron toothed belt and pulley system. The system consists of a lower
and upper drive system linked by a lightweight stainless steel drive tube and
supported on an aluminium frame. The system is illustrated in figure 3.11, (for
clarity the belts have not been drawn).

The engine is fixed to the lower mounting plate, (C), which, in turn, is fixed to the
Crossbow chassis. The lower drive is fixed to the base of the lower mounting plate.
The lower drive consists of two 38 toothed pulleys and a single belt, producing a 1; 1
geanng. The engine drives a splined shaft, (G). The splined shaft is supported
externally by two radial bearings (D) & (F). The presence of these two bearings
ensures that loading of the engines bearings is negligible. The splined shaft drives
the first 38-tooth pulley via a single key. The splined shaft, pulley and bearings are
supported between the lower mounting plate and the lower drive support (H).

The first belt drives the second 38-tooth pulley, which, in turn, drives the stainless
steel dnve tube (L). To tension the belt, the lower drive tube bearing (K) can be
adjusted, in the X-direction, via the lower adjusting stud, (M). A drive tube is
utilised, instead of a solid shaft, to reduce weight. As there is a 1:1 gearing on the
lower drive, the reduction gearing occurs on the upper pulleys. The placement of the
reduction gearing on the upper drive reduces the amount of drive tube transmitted
torque and thus reduces stress.
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The upper drive consists of a 28-tooth pulley, (EE), driving a 48-tooth pulley, (V).
This configuration gives a gearing ratio of 1.7:1, >Aiiich is required to match the
engine and fan. The 28-tooth pulley is keyed to the top of the drive tube. The upper
drive tube bearing (K) may be adjusted in the X-direction via the upper adjusting
stud (Q) and in the Y-direction by movement of the adjustment plate (R).
Adjustment at this point ensures that the drive tube is parallel with the splined shaft!
However, as self-aligning bearings have been employed, a minor misalignment of
the transmission system is acceptable. The height of the 28-tooth pulley is matched
to that of the 48-tooth pulley by the adjusting collar (FF). The length of this collar is
set on first assembly. The 48-toodi pulley drives the stub shaft (AA) via a key. The
stub shaft is supported by two further external bearings, (W) & (CC).

The stub shaft, its bearings and the 48-tooth pulley are held between the stub shaft
housing, (CC), and the clamping plate, (X). The hub of the fan is keyed to the top of
the stub shaft. On fen rotation, an axial force lifts the fan off the stub shaft. To
prevent vertical movement, a lock nut (Z) holds the fan in position. This lock nut has
a left-hand thread so that when the fan rotates, in a clockwise direction, the nut will
tend to tighten further on the stub shaft. The stub shaft housing, clamping plate, 48tooth pulley, stub shaft and its bearings Can all slide as a signal unit, in the Xdirection, to tension the upper beft. Due to the axial force produced by the fan the
upper stub shaft bearing, (W), is an angular contact bearing, which is capable of
carrying a combined axial and radial load. A set of 12 engineering drawings
detailing components of the transmission system is given in appendix Dl.

In an attempt to reduce the overall height of the system, the cast iron pulleys are
recessed to allow encasement of the pulley bearings. This recessing reduces the
overall height of the system by 100mm, ensuring that the fan sits at the optimum
position in the duct, thereby maximising efficiency of air flow. Figure 3.12 shows
the manufactured transmission system prior to assembly.
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1

Figure 3.12. The manufactured Crossbow transmission system.
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3.6 Summary.
An analysis has been carried out on the original Crossbow engine and transmission
system. Information received from hovercraft experts in England, conversant with
the Crossbow, revealed that the Crossbows poor performance was due to a lack of
power. Experts stated that the original 135HP engine yielded insufficient power and
recommended a 150HP engine. The original transmission system employed a shaft,
bolted to the engines flywheel, to drive the fan. This direct drive method, though
extremely efficient, produced a large amount of noise due to the high speed of
rotation of the fan. By fitting the fan to the engines flywheel, additional gyroscopic
forces are applied to the engines bearings. Original photographs of the transmission
system indicate that the level of support for the additional drive shaft and fan is
minimal (see figure 3.2). The original Crossbow engine failed due to crankshaft
fracture The additional loading is the most likely cause of this fracture.

On choosing a replacement engine, it was again decided to utilise the power head of
a marine outboard engme. By usmg an engine similar to the original, structural
changes to the craft are kept to a minimum. While attempting to source a 150HP
outboard power head, a 175HP power head was located in Scotland. This particular
power head has the same weight and dimensions as its 150HP model. The extra
25HP further increases the versatility of the craft.

At low speeds, particularly with 2-stroke engines, a fan may absorb more power than
may be supplied by the engine. An analysis of the engine and fan power curves
shows that this problem is not encountered with the selected engine and fan.
However, methods of overcoming such a problem, should it arise, are also
delineated and discussed.

On selection of a suitable engine and fan combination, a method of transmitting the
power from the base to the top of the engine, where the fan is mounted, is
developed. The use of the original transmission method, even with additional
support was ruled out for a number of reasons. The new engine reaches maximum
power at an even higher speed than the original, (5,000 r.p.m.), thus noise problems
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are encountered. The new engine employs an electronic controlled timing
mechanism. This mechanism and its sensors are positioned on top of the engine and
so prevent access to the flywheel.

A hydraulic transmission system was ruled out due to low efficiency and extremely
high weight. Toothed gears were discarded due to their high cost and the need for
additional equipment such as an oil cooler and circulation pump, which would have
increased craft weight.

The final transmission system utilises the latest development in high power belt
transmission technology. The transmission system is based around the “chevron”
toothed belt and pulley system. With this system, a 100mm wide belt may transmit
up to 200HP at an efficiency of 98%, (Whitney 1998). A set of two of these belts
and four pulleys are used to transmit power, at the correct gearing ratio, to the fan. A
set of twelve engineering drawings, detailing each component of the transmission
system is given in appendix Dl.
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CHAPTER 4
ENGINE COOLING & EXHAUST SYSTEMS
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4.1 Introduction
This chapter discusses the methods employed in the cooling of marine outboard
engines. And introduces the modifications to the original Crossbow to enable
operation using a self-contained, recirculating cooling system. The latest system,
developed to cool the new Crossbows 175HP engine, is described in detail wth the
aid of numerous illustrations.
The methodology behind the design of two stroke exhaust systems is introduced.
The effects, on engine performance, of vaiy^ing exhaust system geometry' are
explained. These effects can later be used to modify the engines power curve during
field testing. An exhaust system, tuned to extract maximum power from the 175HP
powerhead, is designed and manufactured. The “pulsed tuning” method, employed
to accurately locate the exliaust systems tuned length, is described.
4.2 Original cooling system
A major problem associated with the utilisation of a marine outboard engine on a
hovercraft is tlie development of a method to cool the engine block. In a normal
operating environment, an outboard engine takes on water, through the submerged
section if its body, from a river lake or the sea. This water is then pumped through
tlie cooling jackets of the engine block. After the water has cooled the engine, it is
dumped through the hub of the propeller. To minimise weight, the cooling jackets on
outboard engines have a very' small cross-section and thus require a high volume
flow of cooling water flow.
When there is a limitless supply of cold water, engine cooling is not a problem.
However, in the case of hovercraft, there is no contact between the craft and the
surface of the waters. Also, hovercraft do not always operate over water. Thus, in
utilising an outboard engine, a self-contained cooling system must be developed.
The obvious choice is to circulate water, through an air-cooled radiator, and employ
the vast amount of air available from the fan to cool the water. Unfortunately the
radiators, which were available during the Crossbows development, were not
capable of adequately cooling the circulating water (Cooke, 1997). With the high
flowrate, required to cool the engine, water did not remain in the radiator long
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enough to be fully cooled. Adequate cooling could have been achieved if a
sufficiently large radiator had been used but this would have been impractical due to
space limitations. At the time the Crossbow was being developed there was intense
competition between Air Bearings and other hovercraft companies to try and solve
this cooling problem. Cook, (1997) solved the cooling problem and patented the
cooling method. He has given the author full permission to use his patent if so
desired

The patented cooling method essentially used two separate water circuits. One
circuit supplied the engine with cool water at the correct flowrate and the other
supplied the radiator at a flowrate, which allowed the water to be adequately cooled.
A schematic diagram of the system is shown in figure 4.1.

Figure 4.1. The Cooke patented cooling system originally used in the Crossbow
hovercraft.
In the original Crossbow system, a large centrifugal pump was coupled directly to
the engine at the drive shaft and was used to feed the radiator. A second smaller
pump was run off the drive shaft via a belt drive. The smaller pump bled cool water
from the radiator circuit at point A and fed this water to the engine at the correct
flowrate. After leaving the engine, the hot water was ‘dumped’ back to the radiator
circuit at point B to be cooled. Essentially the centrifugal pump and radiator acted as
a ‘sea’ of water, from, which cool water could be taken and hot water could be
dumped. This system worked very well and “there were never any problems with
overheating”, (Cooke, 1997). The centrifugal pump was quite heavy and absorbed a
significant amount of power.
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4.3 Developed cooling system
In an attempt to match, as closely as possible, the engines normal cooling system
with the developed system, it was decided to utiUse the engines actual water pump.
By using a pump, which was specifically designed for the engine, correct water flow
is assured at all times. This pump runs at engine speed and is capable of delivering
55 US gallons per minute at maximum power, (White, 1998). The water pump is
pictured in figure 4.2.

Figure 4.2. Johnson outboard cooling water pump
The pump inlet is located to the left of the drive shaft hole on the pumps base. To
ensure that the pump runs at the correct speed, it is driven by a 1:1 toothed belt
dove. The transmission systems drive tube drives this belt. The drive tube runs at
engine speed.
Having selected a suitable pump, the next step involved sourcing a radiator capable
of removing the requisite amount of heat from the cooling water. Since the
Crossbow was first built, advances in radiator design have made selection of a
suitable radiator a much simpler process. A local radiator manufacturer, Lee
Radiators, produced a specifically designed radiator based on the following criteria:
Heat to be removed in kJ/min
Mass flow of water through the radiator in kg/min
Mass flow of air through the radiator in kg/min
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In obtaining these values, it is assumed that the engine is running at maximum
power.

Mr. Peter Otter, (1998) states that the energy breakdown for modem 2-stroke
engines is “surprisingly constant”. Mr. Otter states this energ>' breakdown to be as
follows:

Energy supphed by fuel

100%

Energ}' converted to useful work

28%

Energy removed by cooling water

33.6%

Energy lost to exhaust & radiation

38.4%

Thus, if 175HP is 28% of the total fuel energy, then the heat energy, which has to be
removed by the cooling water is 210HP (9396kJ/min), i.e. 33.6% of the total fuel
energy.

At maximum power the cooling water pump delivers 55 US gallons of water per
minute. This is equal to 208kg,''min.

As lift air was used to cool the radiator in the original craft the radiator raft is again
placed in the lift duct as sho\m in figure 4.3.
FAN

Figure 4.3. The position of the radiator in the lift air duct.
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At maximum power, the lift system is supplied with air at a rate of 6.14m^s \ Taking
the density of air as 1.229 kgm*^, then the mass flow of air through the radiator is
453kg/min.

Thus to summarise:
Heat to be removed

9396kJ/min

Mass flow of water through the radiator

208kg/min

Mass flow of air through the radiator in

453kg/min

Having obtained this information a radiator was manufactured. The radiator is
pictured in figure 4.4.

Figure 4.4. The radiator designed to cool the Johnson outboard engine.
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Figure 4.5. The main sections of an outboard engine. (OMC, 1997)

Figure 4.5 illustrates the main sections of an outboard engine. Under normal
conditions, the powerhead is bolted to the midsection and protected from the
environment by the fanng. The midsection is a casting containing the exhaust
chamber and chambers, which carry cooling water to the powerhead. On the top of
the midsection, there are a number of interlinked channels, approximately 6mm
deep. These channels distribute the incoming cooling water to the various cooling
jackets within the powerhead. These channels are pictured in figure 4.6.

Figure 4.6. Channels on the top of the outboard engines midsection, (Johnson
outboards, 1997)
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As the Crossbows new engine does not have a midsection, a plate containing the
interlinked water channels is manufactured. This plate is sandwiched between the
engine and the engine mounting plate. The plate is pictured in figure 4.7

Figure 4.7. Plate containing the cooling water channels.

Referring to figure 4.7 cooling water enters through section A and then flows into
sections B, C and D. From these sections, the cooling water makes its way up into
the various engine cooling jackets. The heated water then exits through the base of
the engine and out through section E. The two rectangular shaped openings, marked
F, constitute the exhaust exit ports.

From figure 4.7 it may be seen that the cooling water inlet and outlet ports and the
exhaust ports are all contained within a small area. To facilitate the connection of
water hoses and exhaust piping, a specially designed manifold is manufactured. This
manifold matches the cooling water and exhaust ports and is bolted beneath the
engine mounting plate. The manifold is pictured in figure 4.8.
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Figure 4.8. Cooling and exhaust manifold

4 4 Two-stroke exhaust designing
In the design of a 2-stroke exhaust system, it is important to consider the effects of
the sonic waves, which travel through the exhaust pipe. Sonic waves are reflected
back along the pipe, through, which they are travelling regardless of whether the
pipe has an open or closed end. More importantly, the reflected wave, in an openended pipe, changes sign. Thus, a positive wave, on reaching the pipes open end will
travel back along the pipe as a negative wave and vice versa. If the pipe has a closed
end, the reflected wave will not change sign

The earliest exhaust pipes designs simply consisted of a length of straight pipe.
When using the straight pipe a positive exhaust wave runs down the pipe
immediately after the exhaust port opened. On reaching the end of the pipe, a
negative wave is reflected back along the length of the pipe. When the negative
wave reached the exhaust port, if it was still open, it assists in scavenging the
cylinder of any remaining exhaust gasses. The negative wave then runs back down
the pipe and returns as a positive wave. If the exhaust port is of the correct length.
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this positive wave arrives back at tlie exhaust port just before it closed and
pressurises any air/fiiel mixture back into the c>'linder. With a straight pipe a
significant amount of energy is lost every time the pressure wave moves up and
down the pipe. To operate effectively 2-stroke engines require stronger pressure
waves than could be supplied by a simple straight pipe. This gradually led to the
development of the modem 2-stroke exhaust. Figure 4.9 illustrates a typical 2-stroke
exhaust.

Figure 4.9. Typical 2-stroke exhaust pipe.

To minimise the energy loss in the reflected waves, engineers added a “diffuser” to
the end of the exhaust pipe. The diverging walls cause the sonic wave to react as
though it had reached the open end of a pipe, but the reflected wave retains much
more energy. The stronger wave is much more effective at scavenging the cylinder
and drawing the air ftiel mixture from, the crankcase up through the engines transfer
ports. A problem encountered with early diffusers is that the negative wave pulls a
large quantity of fuel into the exhaust pipe and the exliaust port closes before the
positive wave could force the fuel back into the c>4inder. Thus causing excessive
fuel consumption.

The greatest break through in 2-stroke exhaust design occurred with the introduction
of the “baffle”. A baffle is simply a reverse diffuser \rith a small exit hole. The
baffle has the same effect as a closed pipe, causing a positive pressure wave to be
reflected. The diffuser and baffle give the exhaust system a double pulse action.
When the exhaust wave reaches the diffuser, it is inverted and returns up the pipe to
scavenge the cylinder. However, part of the wave continues on into the baffle
section where it is reflected as a positive wave. This positive wave reaches the
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cylinder just before the exhaust port closes forcing any escaped fuel back into the
cylinder, thus increasing power and reducing fuel consumption. Diffusers and
baffles must be of the correct length, diameter and angle to ensure that the positive
and negative pulses reach the exhaust port at the correct times and with the correct
intensity.

4.5 Original exhaust system
The original Crossbow exhaust system did not meet the requirements of a 2-stroke
exhaust system. The original exhaust consisted of two lengths of stainless steel pipe,
long enough to carry the exhaust gasses outside the craft via exhaust silencers.
Photographs of the exhaust system, seen while on a research visit to England
confirm this. The exhaust pipes were jointed together (siamesed) to form a single
pipe. This single pipe was then bolted beneath the engine. Figure 4.10 shows a
sketch, drawn by Mr. Julian Coke, the Crossbows designer, this sketch illustrating
how the exhaust piping was fixed to the base of the engine.
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Figure 4.10. Sketch illustrating how the original exhaust system was fitted to the
Crossbow engine.
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Tlie limitations of the design of an exhaust pipe for the Crossbows original engine
clearly indicates that the engine under performed and had had quite a high fliel
consumption.

4.6 Developed exhaust system.
In designing the new exhaust system^, information gathered from a number of
different sources is used to produce a design specific to the Crossbows requirements.
From section 2.4, it may be seen that to ensure an adequate supply of lift air, the
Crossbow will generally be operating at or near its maximum power point. Thus, the
designed pipe is tuned to maximise power over a narrow power band. Tuning a pipe
to a narrow power band causes a loss of power at lower revs. However, from figure
3.5, it may be seen that at low revs the Crossbow engine always has significantly
m.ore power available than that required by the fan. Thus, tuning the exhaust pipe to
a narrow band, at a higher rev. range does not adversely affect the crafts
performance.

The information used to design the Crossbows exliaust is that used to design
exhausts for single cylinder engines. Information regarding exhaust tuning for multi
cylinder engines is not available. As the Crossbow engine has six cylinders an
assumption was made as to the position of an imaginary exhaust port. This
assiunption caused a slight error in the manufactured pipes length. However, any
error is later corrected by employing the “pulsed tuning” method. Pulsed tuning is
explained in the following section.

Exhaust design begins with the calculation of the overall tuned length. The tuned
length is the distance from the piston face to the mid point of the baffle cone. As the
top of the baffle cone is removed the tuned length is tlie distance from the piston
face to a point slightly beyond the mid point of the baffle. Bell, (1983) quotes
equation 4.1 as a means of calculating the tuned length for a particular engine speed.

Ltu -

42545.Ed

(4.1)
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Wliere:
Liu = Tuned length (mm)
Ed = Exhaust duration (deg)
St = Tuned speed (r.p.m.)

Fitzgerald & Wilson, (1995), use equation 4.2 to calculate the tuned lengtli. This
formula is in imperial units

EdN.
^Tu

(4.2)

WTiere;
Ltu

== Tuned length (in)

Ed = Exhaust duration (deg)
= Speed of sound in exhaust gas (fts'^)
Sr = Tuned speed (r.p.m.)

As the engine is to be tuned for maximum power, the tuned speed is 5000 r.p.m. The
exhaust ports on the engine open at 94*^^ after top dead centre (ATDC) and close at
94° before top dead centre (BTDC), (White, 1998). This implies that the exhaust
port is open for a duration of 172°. The speed of sound in exhaust gasses varies with
exhaust pressure and temperatuie. Bell (1983) quotes an average value of 1675 fts'^
for the majority of 2-stroke exhausts. On substitution of the required values into
equations 4.1 and 4.2, in both cases a tuned length of 1464mm results.

From figure 4.9, it may be seen that the first section of exhaust to be designed is the
header pipe. The cross-sectional area of the two rectangular exhaust ports at the base
of the engine is 3599mm^. This is equivalent to a diameter of 67.7mm. “While
changes in cross-sectional shape affect pulse wave energy, abrupt bends or turns in
the system do not” (Bell, 1983). To m.inunise losses in the wave energ>^ pulse
changes in the cross sectional area of the header pipe are kept to a minimum. Thus,
the header pipe has a theoretical bore diameter of 67.7mm. The closest available
stainless steel pipe has a bore diameter of 70mm. Bell (1983) lists header lengths as
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a function of exhaust port diameter for a number of different cylinder volumes. The
Johnson powerhead has a displacement of 2589cc, (Johnson outboards, 1997). Thus
each cylinder has a displacement of 431.5cc. For cylinders with displacements
between 350 and 500cc, Bell quotes a header length of between 8.5 and 9.5 times
the exhaust port diameter. The shorter header gives maximum power over a narrow
power band, while the longer header gives a wider power band to the detriment of
maximum power. As the Crossbow is being tuned for maximum power, the lower
header length is selected.

Header length = 67.7 x 8.5 = 575mm

Figure 4.11 illustrates the headers length, measured from an imaginary port at the
midpoint of the engines six cylinders.

Figure 4.11. The length of the exhaust header.

This headers length is measured from the midpoint of the six cylinders through the
water channel plate (figure 4.7), through the engine mounting plate, the manifold,
the elbow, the transition piece and on to the end of the header pipe. The transition
piece converts the rectangular shape of the elbow to the circular shape of the 70mm
bore header pipe.
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In designing the diffuser, the taper angle is of critical importance. A shallow taper
reflects a wave of low intensity and high duration. As the taper becomes steeper, the
intensity of the wave increases and its duration is reduced. Bell (1983) recommends
a taper angle of 4 to 5 degrees for an engine having a displacement of between 350
and 500cc. However, Bell admits to tending towards tuning to produce a wder
power band. Robinson, (1994), quotes angles up to a maximum of 7.5 degrees. A
taper angle of 6.5 degrees is selected as a suitable compromise between the wide
power band angle of 5 degrees and the maximum of 7.5 degrees. The major diameter
of the diffuser also has an effect on the exhaust system. Bell recommends a major
diameter of 2.5 times the exhaust port diameter, yielding a maximum pipe diameter
of approximately 170mm.

In the design of the baffle Bel! (1983) states that baffle angles of 9 to 11 degrees
“give a good power range watliout suppressing maximum hp excessively” however it
must be kept in mind that the crossbows engine is being tuned for maximum power.
Figure 4.12 illustrates tlie difference in power output for an exhaust with a 10 degree
and 12 degree baffle angle.

Figure 4.12. The variation of power output with baffle taper angle, (Bell, 1983).

From figure 4.12, it may be seen that a 12 degree taper angle produces the peak
power required by the Crossbow. For this reason, it is selected as the baffle taper
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angle. Pipe work or components, such as silencers, fitted after the baffle, have no
effect on the exhausts tuning (Robinson, 1994). Exhaust gas is carried from the
outlet of the baffle through a silencer via a rubberised flexible exhaust hosing. To
facilitate connection of the flexible exhaust hose a short length of pipe with an outer
diameter of 54mm is welded to the baffle outlet. This short pipe has a wall thickness
of 1.5mm implying that the minor diameter of the baffle is 51mm. Figure 4.13
pictures the main components of the exhaust system during the manufacturing
process.

Figure 4.13. The Crossbow exhaust system during manufacture.

4.7 Pulsed tuning
Pulsed tuning is a simple and inexpensive, yet extremely effective method of
accurately locating the tuned length for any 2-stroke exhaust pipe. The pulsed tuning
method was developed when straight pipes were used as 2-stroke exhausts. To find
the length of straight pipe to maximise power, two lengths of pipe are selected so
that one slides snugly inside the other. Starting at a short length and sliding one pipe
along the other, the pipe length is progressively increased. There is a region where
the horsepower begins to rise and then falls off again as the length is further
increased. By simply varying the pipe in this manner, the optimum tuned length, for
maximum power, can be located.
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By applying the pulsed tuning method to the previously designed exhaust pipe,
errors in its design and manufacture may be eliminated. To facilitate the tuning
process, a pipe with a slightly larger diameter than the header pipe is welded to the
diffuser. By sliding the larger pipe over the header pipe the tuned length is located
and the pipes may then be welded in position.

Figure 4.14. The developed exhaust pipe prepared for pulsed tuning.

Once the tuned length has been established, the pipe is bent at 90 degrees so that it
points towards the stem of the craft. If it remains straight, it would protrude through
the starboard side of the hovercraft.

4.8 Summary
The problems encountered in the development of a self-contained cooling system for
a marine outboard engine are discussed. The Crossbows original, dual pumped,
cooling system is described and illustrated. The latest cooling system, developed for
the new 175HP engine, utilises the engines water pump. Utilisation of a pump,
which has been specifically designed for the engine, ensures that the engine receives
the correct amount of water at all operating speeds. Heat is removed from the
cooling water by a radiator, which is mounted in the lift air ducting. The radiator has
been manufactured specifically for the new engine and is designed to remove the
requisite amount of heat; given the engines cooling water flowrate and the air
flowrate through the air duct.
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As only the powerhead of the Johnson outboard engine is being used, a number of
specialised components,

generally located

in the engines midsection,

are

manufactured. These components include the channel plate, (figure 4.7) which
distributes the cooling water to the engines various cooling jackets and the cooling
and exhaust manifold, (figure 4.8) which was manufactured to facilitate the
connection of the exhaust pipe and the cooling water hoses.

Research is conducted into the design and manufacture of tuned exhausts for 2stroke engines. The original Crossbow engine did not have a tuned exhaust system..
An exhaust, developed to maximise peak power, is designed and manufactured. The
methods used to design this particular exliaust can also be employed to design other
exhausts, which can then be used to modify the shape of the engines power curv'e.
This feature greatly enhances the Crossbows versatility as a field test craft.

Having employed exhaust design methods, from a number of different sources, to
produce the optimum exhaust geometry', the pulsed tuning method is then employed
to accurately ascertain the exhausts tuned length. The pulsed timing metliod removes
errors, which may have occiured during the design and manufacturing stages. A set
of seven engineering drawings detailing all the components required to manufacture
the cooling and exhaust systems are given in appendix D2.

80

CHAPTER 5
CHASSIS REPLACEMENT & HULL AIR LUBRICATION
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5.1 Introduction.
In this chapter, the construction materials and methods used in the manufacture of
the Crossbow chassis are discussed and explained. An introduction is given to the
problems associated with galvanic corrosion of aluminium alloys in a saltwater
environment and reasons are set forth for the selection of suitable alloying elements.
A form of corrosion, wliich is almost particular to aluminium, “poultice” corrosion,
is also discussed. A number of factors, which contribute to the extensive corrosion
of the Crossbows chassis, are introduced. Candidate materials for the replacement of
the chassis are assessed and reasons for the final selection are given. As a safety
precaution, the base of the Crossbow hull has been fitted with a “step”. Tliis step
reduces viscous drag forces in the event of the craft suddenly loosing power and
impacting water at a high velocity. A theoretical analysis into the reduction of the
viscous drag forces, due to the step, is undertaken.

5.2 Cassis construction
When first built, tire ABl 1 Crossbow was at the cutting edge of hovercraft design
technology. The Crossbow chassis employed aluminium honeycomb sheeting, a
material to tlris point primarily used in aerospace industiy. Aluminium honeycomb
is a lightweight, strong and highly rigid material. It has seen extensive use in the
construction of aircraft floors, interior panelling and even helicopter rotor blade
aerofoils. Figure 5.1 shows the construction of the honeycomb sheet.

Sandwich ConRiructlon

Face Sheet

Honeycomb

Fabricated
Sandwich
Panel

Adhvsive

Face Sheet

Figure 5.1. The construction of the aluminium honeycomb sandwich, (Flexcel
Corporation 1993)
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“The facings of a sandwich panel used as a beam act similarly to the flanges of an 1beam by taking the bending loads, one facing in compression, the other in tension.
The honeycomb core corresponds to the web of the I-beam. This core resists the
shear loads, increasing the stifiBiess of the structure by spreading the facings apart,
but unlike the I-beams web, gives continuous support to the flanges or facings. The
core-to-skin adhesive rigidly joins the sandwich components and allows them to act
as one unit with a high torsional and bending rigidity.” (Hexcel Corporation 1993).
Figure 5.2 illustrates honeycomb stiffening of a structure without materially
increasing its weight.
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100

103

106

Figure 5.2. Honeycomb stiffening of a structure without materially increasing its
weight, (Hexcel Corporation 1993).

The chassis of the Crossbow was manufactured from “Aeroweb” aluminium
honeycomb, which was manufactiu'ed by CIBA-Geigy Limited, (Neal, 1974). The
craft, for the most part, employed

'A"

(6mm) thick honeycomb sheets. The chassis

consisted of two main and four secondary longitudinal beams and seven transverse
beams, (xAir Cushion Review, 1974). The chassis was assembled inside the base of
the GRP (fibreglass) superstructure and the chassis was then fixed to the
superstructure by a combination of bonding with fibreglass resin and pop riveting.
Figure 5.3 depicts the longitudinal and transverse beams of the chassis fitted to the
inside of the superstructure.

83

Figure 5.3. The Crossbow chassis fitted to the inside of the superstructure, (Air
Bearings Ltd 1974)

5.3 Aluminium alloys and salt water environments.
The most common type of corrosion in marine environments is electrochemical
corrosion, more commonly known as “galvanic” corrosion. Chandler, (1985), states;
“Corrosion that occurs in aqueous solutions such as sea water at ordinary
temperatures is electrochemical in nature.....”

Galvanic corrosion occurs when two different metals, which are in electrical contact,
are immersed in an electrolyte, i.e. a liquid, which conducts electricity. One of the
metals, the anode, donates ions (positive electric current) to the solution. As the two
metals are in electrical contact, electrons flow away from the anode to the other
metal, which is known as the cathode. Corrosion occurs at the anode and the cathode
is generally protected. Salt water is a good conductor of electricity and thus is an
excellent electrolyte. Table 5.1 compares the resistivity of saltwater with that of
other waters.
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Table 5.1 Resistivity of waters. Approximate Values, (Morgan, 1959)
Type of water

Resistivity (Q cm)

Pure water

20,000,000

Distilled water

500,000

Rain water

20,000

Tap water

1 - 5,000

River water (brackish)

200

Sea water (coastal)

30

Open sea

20 -25

i

I
1

j

i

For any pair of dissimilar metals, the corroding metal and the rate of corrosion
depends on the corroding metals placement relative to the other on the galvanic
series of metals. The galvanic series lists metals and their alloys in their order of
reactivity, i.e. their ability to take part in the chemical reaction required for galvanic
corrosion. Table 5.2 sets forth the galvanic series for metals in seawater.

Table 5.2 Galvanic series of metals commonly used in seawater. (Chandler, 1985)
Cathodic
i

t
Anodic

Titanium
Austenitic stainless steels (passive)
Chromium steels (11-30^/ Cr) (passive)
Nickel and high nickel alloys (passive)
Silver solders
Monel, bronze, gunmctals, 70/30 cupro nickels, copper-nickel iron alloys
Copper, admiralty, 70/30 brasses
Nickel and high nickel alloys (active)
Naval brass, 60/40 brass, high-tensile brass
Lead, tin
Austenitic stainless steel (active)
High nickel cast iron
Chromium stainless steel (active)
Carbon steel, cast iron
Aluminium alloys
Cadmium
Aluminium
Zinc
Magnesium, magnesium alloys
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The metal, which is lower on the galvanic series, tends to corrode while the other
metal tends to be protected from corrosion. Taking the combination of Nickel and
Cadmium, for example, the cadmium corrodes and the nickel does not. The greater
the distance between the metals in the series, the greater the rate of corrosion will be
on the more anodic metal. However some times other factors come into play, such as
in the case of aluminium and stainless steel. These two metals are at almost opposite
ends of the series, but they tend to produce quite a stable combination. This is due to
the fact that they both produce tough oxide layers, which act as electrical insulators
between the two and thus retard the electrical process required for the corrosion of
the aluminium. Metals which are very non-reactive, such as Titanium, are called
“noble” metals

Aluminium is an unusual metal, in that its liigli reactivity and affinity for oxygen
produces an extremely hard oxide film on its surface, tliereby proxiding protection.
However, from table 5.2 it can be seen that aluminium is very low down on the
galvanic scale causing almost all other marine metals to corrode it severely when in
electrical contact in the presence of seawater.

Pure aluminiiun is extremely corrosion resistant, but is of low strength and tends to
be of little use. \Vfrat is generally called aluminium is, in fact, an alloy of alumirrium.
The most common alloying elements are copper, magnesium and silicon. Copper
greatly enhances the strength of aluminium; it produces one of the strongest of the
aluminium alloys, “Duralumin”. Duralumin is used extensively in the aeronautical
industry. Magnesimn also strengthens aluminium. Silicon increases strength to a
lesser extent than copper or magnesium. However silicon increases the fluidity of
aluminium, when in the molten state, and this propert}' is desirable for the
manufacture of castings.

“Whenever aluminium is used where it can be wetted by seawater it must be of the
correct grade. The alloys used ashore or in aircraft melt in sea water - quite
literally.” (Warren, 1986). Small proportions of alloying elements have a profoimd
effect on the strength of aluminium. However, there is a trade off between increased
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strength and corrosion resistance. Aluminium-magnesium alloys are recommended
for marine use and combinations of magnesium and silicon have also been used
without significant detriment to the alloys corrosion resistance, (Warren, 1986).
However, aluminium copper alloys should be avoided at all costs. Copper and
metals close to it on the galvanic series, such as brass or bronze are so detrimental to
aluminium that they don’t even have to be in electrical contact with the aluminium.
Seawater washing over these metals will carry copper salts in solution and, if this
solution comes in contact with aluminium, then the corrosive effects can be
dramatic. For similar reasons, antifouling paints containing copper or lead should
also be avoided, (Warren, 1986).

When work began on the Crossbow, it was noticed that the aluminium chassis had
undergone severe corrosion, particularly low in the hull where salt-water would have
settled. In certain areas, the corrosion was so extensive that complete sections had
been reduced to aluminium oxide dust. This was a major setback. At the outset of
the project it was never envisaged that such an extensive re-design of the craft would
have to be undertaken. Figure 5.4 illustrates the extent of the corrosion.

Figure 5.4. The extent of corrosion to the Crossbow chassis.
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During the course of the re-design, several attempts were made to ascertain the
alloying elements used in the production of “Aeroweb” aluminium honeycomb. It is
the authors’ opinion that there is a distinct possibility that an alloy employing copper
was used. The name of the honeycomb, “Aeroweb”, suggests that it was designed
for the aeronautical mdust^>^ The aluminium aIlo>'s used in aircraft construction
were copper alloys, such as Duralumin. Table 5.3 illustrates the fact that, in the US,
every aluminium alloy used in the aero industry contained copper, some as much as
6.3 %. However, at the time of print, the allo^dng elements of “Aerov/eb” have yet to
be confirmed.

Table 5.3. Nominal compositions of aluminium wrought alloys, (Encyclopaedia
Britannica, 1995).
applicationB
l.OSl
0.5 ma

1100

1350
2006
2014
2024
2036
2090
2091
2219
2519
3003
3004
3105
5052
5083
5162
5252
6009
6010
6013
6061
6063
6201
7005
7075
7150
8090

0.4
0.5
1.5
0.45

0.9
4.4
4.4
2.6

2.7

2.2Li-0.122r
2.OLt-0.08Zr
0.lV-0.ieZc-0.06Ti
0.lV-0.I82c

2 .2

6.3
5.9
0.12

1.1

1. 1

1.0

0.6

0.5
2.5
4.4
4.5
2.5
0.5

0.7
0.35
0.33
0.33
0.8

o.a
1.0

0.6

1.0

0.4

0.7
0.8
1.6
2.2

1.3

1.4
2.5
2.3
0.9

0.25

5,6
0.l2Zr
2.4Li-0.122c

sheac-roetai «or>c, pota, pana
electrical conductor
auconsoclve sheet
aircraft structures, cruck trames
aircraft structures, truck wheels
automotive sheet
aircraft structures
aircraft structures
aerospace structures; welded
armour and aerospace structures; weldea
general purpose, cooking utensils
general purpose, can sheet
building products
general purpose
unfired pressure vessels
can sheet, automotive sheet
automotive bright trim
automotive sheet
automotive sheet
aerospace structures
general purpose, structures
general purpose, extrusions
electrical conductor
truck bodies, railroad cars
aircraft structures
aerospace structures
aerospace structures

'kluminum and impurities constitute remainder.

The Crossbows electrical system was produced fi'om copper wire, insulated with a
plastic coating. For the most part, the wiring was laid along the floor of the GRP
superstructure. During the complete disassembly of the craft, no dmect contact
between tlie copper wires and the aluminium chassis was discovered, but where
copper is concerned direct contact may not be necessary' for corrosion to take place.
At all the terminal points of the wiring, copper would have been exposed and the
removal of copper salts by seawater is highly likely. This seawater would then have
settled at the base of the chassis where the corrosion was most extensive. It does not
take a very large amount of copper to initiate a corrosive attack on aluminium. Table
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5.3 shows tliat the majority of aluminium copper alloys, which are extremely
susceptible to saltwater corrosion, only contained between 2 and 4% copper. Over
time, due to the evaporation of water, the concentration of copper salts at the base of
the chassis would have increased and accelerated the rate of corrosion.

The bulk head between the cabin and the engine compartment and the ducting
around the engine and fan were lined with a lead impregnated soundproofing
material, (Air Cushion Review, 1974). Lead is also quite corrosive to aluminium as
may be seen fi-om its position on the galvanic series, (figure 5.2), and thus its use
should be avoided. The use of such a dense material in such a weight sensitive
vehicle is also questionable. However, the soundproofing was bonded to the
aluminium honeycomb by a thick layer of adhesive, which acted as an electrical
insulator between the two. The onl}' area where there was electrical contact between
the two materials was where a number of stainless steel bolts passed through them,
resulting in localised corrosion.

Anotlier form of corrosion, to which aluminium is susceptible, is “poultice
corrosion”. Poultice corrosion occurs when a wick-like material remains in contact
with aluminium for a long period of time. Large amounts of hydroxide are emitted
from the contact surfaces. Tlie volume of corrosion can be quite large. Wet wood in
contact with aluminium produces corrosion. .4n accumulation of dirt and dust in the
bilge of an aluminium hull tends to retain the seawater and initiate poultice
corrosion, (Warren, 1986). Warren also states: “Asbestos is another wick-like
material that may be found in boats that can cause this type of action”. For fire
retarding purposes, the chassis and ducting surrounding tlie engine compartment was
coated with a woven asbestos material, (Cooke, 1997). An example of this material
is shown in figure 5.5. The engine compartment and surrounding areas suffered the
most severe corrosion, thereby indicating tliat poultice corrosion was also a
contributory factor.
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Figure 5.5. Woven asbestos sheet attached to the aluminium chassis.

5.4 Replacement chassis material.
To minimise structural changes and to restore the Crossbow chassis as closely as
possible to the original configuration, it was decided to again employ a sheet
material in the re-construction. The replacement chassis material is required to have
similar strength and lightweight properties to the aluminium sheet, but must also be
resistant to salt water corrosion. A number of different composite materials are
assessed for suitability. These include marine plywood and sandwich materials such
as; manne plywood skins with a foam core, fibreglass skins with a balsa core,
fibreglass skins with a foam core, fibreglass skins with an aluminium honeycomb
core and fibreglass skins with a Nomex® honeycomb core. Some samples of these
materials were obtained from prospective suppliers and proved a great aid in making
the final material selection. Table 5.4 compares some of the critical material
properties calculated from measurement of these sample materials.
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Table 5.4. The weight and densities of prospective chassis materials.
Material (skin^core)

Thickness

WeightW (kg)

Density
(kg/m^)

(mm)
Fibreglass/foam

18.25

4.89

268

Fibreglass/Alu. Honeycomb

13.70

3.36

246

Plywood/foam

11.40

4.50

396

10.00

2.67

267

Fibreglass/

Nomex

00

Honeycomb

Plywood is an inexpensive and readily available material. It is strong and quite
durable, when placed in a salt-water en\Tronment. Pl>^vood requires no specialised
tooling and could be easily used to manufacture the replacement chassis. However
plywood was ruled out, on the advice of a very experienced boat builder,
(Fitzpatrick, 1997). Pl>^vood, while ideal for boat building, is quite a hea^^y material
and so is not the optimum selection for the weight sensitive Crossbow. Plywood
tends to absorb a certain amount of water, thus causing a flirther weight increase.

On a research visit to Aquastai’ Workboats Ltd., a nearby boat builder, a sample of
balsa with a fibreglass skin was examined. This sheet material is vety light. Its
strength and rigidity are less than that of marine plywood. However, by selection of
a sufficiently large thickness this problem could have easily been overcome. A
subsequent experiment conducted in the college laboratory^ ruled out the
fibreglass/balsa sheet. A sample of balsa was weighed and then immersed in a
beaker of water for a number of days, a weight increase of approximately 300% was
obseix'ed. Such a dramatic weight increase means that in a wet environment, the
balsa/fibreglass sheets became tlie heaviest of all the composites investigated.

The fibreglass/foam composite was ruled out due to its weight and lack of strength.
Table 5.4 indicates that it has the highest weight per m^ of all the samples. .Also on
flexing of the sample, the bond between the fibreglass skin and the foam core is
easily broken. The adhesive used to bond the two sections causes the foam at the
fibreglass/foam interface to become brittle and fracture when stressed. Bending and
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flexing of the crafts hull and chassis occurs when passing over large waves. A
material, which could not withstand such loading, is not a viable choice.

The fibreglass/Aluminium Honeycomb is the least dense of all the samples.
Although its weight per

is not the lowest, it should be noted that the sheet in

question was 13.7mm thick, twice the thickness of the original chassis material.
Therefore, if a more suitable sized sheet, (6mm), had been sampled it would have
had the lowest weight per

at approximately r.47kg/m^. Unfortunately, the

aluminium used in the manufacturer of the honeycomb is not a marine grade and so
this material is rejected. A supplier offered to produce sheets using a marine grade
honeycomb, but such a once off order proved to be excessively expensive.

The choice of material is thus reduced to either plywood/foam sheet or tlie
fibreglass/ Nomex® hone>'Comb sheet. The strength of the pl>xvood/foam. sheet is
greater than that of the fibreglass/foam sheet due to better material bonding. The
thickness of the plywood is small, relative to tlie sheets overall thickness, thereby
minimising water absorption. However as hovercraft are veiy^ weight sensitive,
weight/m^ is the most critical design parameter. The fibreglass/ Nomex® honeycomb
is, therefore, assessed as being tlie optimum choice.

Nomex has a higher strength to weight ratio than aluminium. It has a high chemical
resistance, excellent hydrolysis resistance and, Nomex has the added advantage of
being heat and flame resistant. To compensate for tlie lower strengtli, a honeycomb
core with a greater thickness was selected. However, the overall weight of the
replacement Nomex® chassis is still less than the original chassis, the increased sheet
thickness giving greater rigidity. Table 5.5 compares critical design parameters of
the original aluminium with the replacement Nomex® material.
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Table 5.5 Comparison of Aluminium and Nomex® Honeycomb sheets.
Material

Thickness (mm)

Weight (kg/m^) Ultimate load (N)

Deflection at 445N (mm)

Aluminium

6

2.08

800

7.35

Nomex®

10

1.80

770

4.90

5.5 Hull air lubrication.
In the interests of safety, a minor modification is made to the hovercraft hull by
fitting a step in its base. In the event of a sudden power failure, this step causes a
layer of air to become trapped between the hovercraft hull and the water surface.
The addition of this step is recommended to “reduce some very' powerful suction
forces” (Peruzzo 1995), which causes sudden deceleration of the craft. It is the
author’s opinion that the effectiveness of this step can be increased by the addition
of two strips along the sides of the hull, equal in height of the initial step. These
strips reduce air loss from the craft sides and ftirther enhance the effect of tire air
bearing. This principle is illustrated in figure 5.6.

SIDE STRIP

STEP

Figure 5.6. The utilisation of a stepped hull to minimise forces due to sudden water
impact.
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These “suction forces” are viscous drag forces due to turbulent boundary layer flow
over the base of the hull. Modelling the hull base as a flat plate and calculation of
the drag forces due to both water and air flowing over the hull quantifies the
reduction in drag force.

In the calculation of drag force, a number of assumptions are made:

1. Form drag is small relative to viscous drag, due to the negligible frontal area of
the step.
2. Flow is turbulent over the entire surface.
3. Flow does not separate.

Considering the worst-case scenario of tlie craft impacting water of maximum
viscosity, i.e. at 0°C and at a velocity of 60knts.

The second assumption may be justified by calculation of the length of the hull over
which the flow remains laminar. Assuming a transition at a Re>molds number of 10^
(Douglas, Gasiorek & Swaffield 1985),

Re = PwVLiam/fU
(5.1)
—^ Liam Rcpw /Pw^
Where:
Liam = length of hull experiencing laminar flow (m)
Re = Reynolds Number
= Viscosity of water (kgm'^s'*)
p„ = Density of water (kgm-")
V = Craft velocity (ms-')
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Velocity

= 60 knts = 30.9ins''

Viscosity of water at 0°C

= 1.792 XI0'^ kgm‘‘s‘^

Liam = 10^(1.792 X 10'Vl000(30.9) = 12.9inm
Tlius it is reasonable to ignore tlie laniinai' layer when compared to tlie 3.7371m base
length.

The viscous drag force, when impacting water is found from equation 5.2

FD

= V2CfAp.V^

(5.2)

\\Tiere;
Fd = Viscous drag force (N)
Cf = coefficient of surface friction
A = area of hull base (m^)
= Density of water (kgm-^)
V = Craft velocity (ms-')

To calculate Cf for water contact, Reynolds number must first be found.

Re = p,v VL/iu«
= 1000(30.9)3.7371/1.792 XIO

-3

Re = 64.44 X 10^

For a Reynolds niunber in the range of 5 X 10^ to 1 X 10', Cf is best found using
equation 5.3, (Kreider 1985).

Cf= 0.074/Re

1/5

(5.3)

Cf= 0.074/(64.44X10^)'^^
0.074/(6
Cf= 0.00203

95

Craft base area = (1.903)(3.083) + (1.345)(0.33) + (n 0.33^) = 6.653m^

Fd = ‘/2 (0.00203)(6.653)1000(30.9r
FD

= 6.447kN

With the step and side strips in place there is an air bearing over the majority of the
crafts base. However a certain area, 0.54m^, is still be exposed to viscous drag forces
due to water contact. The force due to this area contacting water amounts to 523N

The drag force due to the trapped air is found as follows:

For air at 0”C fi= 17.05 XIO'^ kgm'‘s'’

Re = p VL/p,
3

= 1.29(30.9)3.083/17.05 X10 -6
Re = 10.8 X 10^

Where:
Pa = Viscosity of air (kgm'^s'')
p, = Density of air (kgm-^)

Cf= 0.074/(10.8 XIO^)^^^
Cf-0.00341

Area of bubble = 3.083 X 1.803 = 5.558m'^

Fd = '/2 (0.00341 )(5.558)1.29(30.9)^
Fd= 11.6N
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The total force with the step attached to the base of the hull, is 534.6N. Thus, with
the stepped hull the viscous drag forces will theoretically be reduced by 91.7%.
Figure 5.7 pictures the fitting of the step and side strips to the hull base.

Figure 5.7. Fitting the step and side strips to the hull base.

5.6 Summary
In this chapter, the construction materials and methods used to manufacture the
Crossbow chassis are discussed and illustrated. The problems associated with the
corrosion of aluminium alloys in a marine environment are introduced. Reasons for
the severe corrosion of the Crossbows aluminium chassis are given. These reasons
include the use of an aluminium alloy, which may have contained copper, the
presence of copper salts in the seawater that settled at the base of the chassis and
poultice corrosion, due to contact with a woven asbestos material, which was used as
fire protection in the engine compartment.

Several composite materials are assessed as to their suitability for use as a
replacement material for the chassis. The critical factors in selecting the replacement
material are strength, low weight and corrosion resistance. A Nomex®/fibreglass
sandwich material is assessed as being the optimum choice.
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In the event of a sudden power loss, the hovercraft could impact the waters surface
at a high velocity. On impact, viscous drag forces cause a sudden deceleration,
which could damage the craft or injure its passengers. As a safety precaution, a step
and side strips are fitted to the base of the hull. On impact, a layer of air becomes
trapped between the crafts hull and the waters surface, thus reducing the magnitude
of the drag force. A theoretical analysis is undertaken to quantify the reduction in the
drag force due to the “air lubrication”. This analysis shows, that by fitting the step
and side strips, the \nscous drag force is reduced significantly.
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CHAPTER 6
SKIRT DESIGN
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6.1 Introduction
The development of the hovercraft skirt is introduced in the following chapter. The
most popular skirt configiu’ations in present day use are discussed and compared.
Selection criteria for a specific configuration as a replacement skirt for the
Crossbow are set out. An introduction is given to a basic skirt design method, which
is used to assess the original Crossbow skirt for balance of forces. The basic skirt
design method is further analysed and later modified to enhance accuracy and
versatility. A computer software programme is developed to speed up the skirt
design process, using the modified skirt design method. The skirt is also designed to
provide a simple interchange of components to facilitate future skirt testing. To
ensure a better seal during finger wear, a “pleated” finger design is developed for
the new Crossbow skirt. With the aid of numerous illustrations, the drafting
techniques used to develop the skirt loop are explained. The skirt manufacturing
methods are discussed and explained.

6.2 Skirt evolution
Early hovercraft designs, rather than utilising skirts to contain air cushions, relied on
a jet of air issued from a nozzle, which encircled the crafts periphery. Tire peripheral
air jet both supplied and contained the air cushion. A very large amount of lift power
was required to obtain any significant amount of clearance between the hovercraft
and the surface. In an attempt to further raise the hull above the surface, flexible
extensions were attached to the end of the peripheral nozzle. Hover height was
increased. However, due to difficulty in maintaining accurate nozzle geometry, the
jet’s efficiency was reduced and the clearance between the end of the material and
the surface, i.e. the hovergap, was reduced. This reduction in clearance caused a
reduction in the power required to sustain inflation of the cushion. The extensions
initially became known as power saving devices, as the peripheral jet method
requires a much larger amount of power to achieve a similar hover height. Figure
6.1 illustrates the path of British Hovercraft Corporation skirt development from
1958 to 1968.
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Figure 6.1. The transition from peripheral jet to skirted Hovercraft, (Stanton Jones,
1968)

The developed designs were arranged to maintain the peripheral Jet feed to the
cushion. However, the reduced hovergap dictated little advantage in maintaining the
jet feed. A direct discharge of air into the cushion was found to be as efficient,
(Stanton Jones, 1968). The skirt design process evolved in a number of different
ways, the four most common modem skirt configurations as shown in figure 6.2:

Loop Segment

Bag Finger

peniPHcnAL
SKIRT

Juf)e

Pericell

Figure 6.2. The Loop-Segment, Bag-Finger, Jupe and Pericell skirt configurations.
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The particular configuration is selected according to the requirements of the
application. The loop-segment skirt is the lightest of all the skirt systems, has the
highest airflow efficiency, the lowest drag, gives quite a soft ride, is naturally stable
and is easily maintained. The bag-finger skirt is more stable than the Loop-segment,
however it is heavier. Due to the pressure difference between the bag and cushion,
the airflow efficiency is lower, it has a higher drag, the ride comfort is harder and it
requires slightly more maintenance. The Jupe skirt is of similar weight to the bagfinger, it has the lowest airflow efficiency and the highest drag of all the systems.
However the Jupe system has the advantage of variable cushion stiffiiess, achieved
through variation of the vertical position of the peripheral skirt relative to the jupe.
The pericell skirt is a hybrid of the bag-finger and jupe skirts and was developed by
the US Navy. Little infonnation is available regarding its performance. However, it
is assumed to have a high drag characteristic, similar to the Jupe system, and a low
airflow efficiency due to the poor sealing between the conical cells and inefficient
use of available cushion area. Table 1 (Wheeler) compares the main characteristics
of the aforementioned skirt designs

Table 6.1. Comparison of hovercraft skirt configurations (Wheeler)
Bag-Finger.
Power

Loop-Segment

Jupe

***

♦♦

Pericell

Requirements
Static Stability

♦♦♦

♦♦♦

♦♦

Dynamic
Behavioiu'
EXirability,
Economy

of ♦**

♦♦♦

Maintenance
Key:

Poor

♦♦

Fair

♦*♦

Good

♦ ♦♦♦ Very Good
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6.3 Crossbow skirt selection
The Crossbow hovercraft was originally fitted with a loop-segment skirt. Due to the
high airflow efficiency, low drag and natural stability associated with such a system,
it was decided to refit the craft with a similar type of skirt. The loop-segment skirt
design minimises material requirements and, hence, has the lowest manufacturing
cost and is the simplest of all the skirt systems to maintain and repair.

The skirt is to be manufactured from a nylon weave coated in neoprene. The nylon
weave material is selected because nylon and neoprene produce one of the best
combinations of mechanical properties, wear and fatigue resistance in a readily
available material. Neoprene skirts can be produced by cold bonding of the joints,
with the resultant joint having a strength equal to 90% of the material. The skirt is
produced from three different grades of this material. The fingers are made from
‘V2’, an extremely flexible, lightweight material, which is also very hard wearing.
The segments are reinforced at the point where the tie is fixed. The reinforcing
material is ‘1558’ a heavier material than ‘V2’. The V2 material is used to produce
the facing strips required for the rear segments. The loop and spray guard is
produced from ‘11569’, a heavy duty material, which wears extremely well and
need not be replaced for a number of years.

6.4 HDL Loop-Segment skirt
The reduction in the hovergap, associated with attaching flexible materials to
peripheral jet craft, results in an increase in drag. This increase in drag is more than
offset by the reduced power consumption and increase in hover heiglit. Research
continues nevertheless into methods of reducing skirt drag. Hovercraft Development
Limited (HDL) devised a method, the loop-segment configuration, of reducing drag
and maintenance costs, which had little or no effect on power requirements, craft
stability or control, (Stanton Jones, 1968). The loop-segment configuration is shown
in figure 6.2. By designing the skirt in separate sections, which were not affixed to
each other, a number of improvements were made. On travelling over a rough
surface or waves, only those segments in contact with the obstacle will deflect
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leaving adjacent areas sealed by undeflected segments. Figure 6.3, (Trillo, 1971),
shows a HDL skiit passing over a wave, displaying the excellent sealing ability of the
segmented skirt.

Figure 6.3. The excellent contouring ability of the segmented skirt. (Trillo, 1971)

The cumulative drag of the tips of the segments is less than that of a continuous
peripheral skirt, (Wheeler). These segments can also be individually replaced when
damaged or worn, thus reducing maintenance costs. The loop-segment skirt system
possesses a natural stability in pitch and roll due to the resultant shift in the centre of
pressure, when these motions occur. Figure 6.4 shows the increase in cushion area on
the dovm-going side of the craft. The increase in area causes a righting moment,
which levels the craft.

104

Figure 6.4. The inherent stability of the Loop-Segment skirt produced by the
increase in cushion area on the down-going side.

The major disadvantage of the loop-segment skirt system is that it is more
susceptible to “plough in” than any of the other systems. Plough in occurs when the
hydrodynamic forces acting on the skirt are large enough to cause it to tuck
underneath the craft. The tuck under can significantly reduce the cushion area
forward of the centre of gravity, causing the craft to nose down and, in some
instances, overturn. Crago (1967) provides an in-depth analysis of plough in.
Judicious design of the skirt bow section can effectively minimise plough in. If a
small loop radius is incorporated at the bow, as shown in figure 6.5a, a large amount
of loop material is available for tuck under, thus enabling the segments to move
underneath the craft. However, if a larger loop radius is used, as in figure 6.5b, the
segments are more securely held, as there is less loop material available for tuck
under.

Figure 6.5. (a) Bow section, susceptible to tuck under (b) Bow section that is less
likely to tuck under.
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6.5 Stable skirt design
The geometrical constiuction method for HDL loop-segment skirts is hereafter
summarised.

Figure 6.6 illustrates the forces acting on a very thin segment, which is represented
by a 90° isosceles triangle and can be treated as two-dimensional.
T
3 2 1

It
2 L
3

Figure 6.6. The forces acting on a simple segment

S represents the force due to the cushion pressure on the segment face. S is taken as
acting at the midpoint of the pressure face and normal to it. The tie force, T, at the
segment tip, may act over a range of directions as may the component L from the
loop. For a stable section, the lines of action of these forces intersect at a single
point and, since S is fixed, the condition for stability simplifies in that T and L
intersect at the line S. These conditions are shown in figure 6.6.

In figure 6.7, vector diagrams are produced to establish the magnitudes of T and L,
their directions being already known. S is the equivalent of cushion pressure acting
along the oblique face BC and normal to it. The line AC has the correct length (AC
= BC) and direction to represent the vector S. The forces Tl, T2 and T3 extend
backwards from A while LI, L2 and L3 are transposed from B to C so that T and L
intersect, as shown in figure 6.7, to complete the vector triangles. The vectors L
represent the tension in the loop, i.e. the product of pressure difference and radius of
curvature. The length of an L vector is, therefore, also the radius of the
corresponding loop.
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A

B

Figure 6.7. Vector diagram of the forces acting on a simple segment.

The following analysis clearly indicates that the crossover points of T and L lie on a
straight line. In figure 6.8, the forces are resolved into components normal and
parallel to the top of the segment, which is given the general dimensions 4h and 2h.
A relationship of particular interest is that of the normal components of T and L i.e.
Ty and Ly.

Figure 6.8. Resolution of forces acting on the segment.

Equilibrium of moments about A yields:

Ly.4h + S^.h = Sy.3h
=>4Ly =3Sy-Sj^
==>4Ly =2Sy

=.Ly = ^
2

SinceS^ = Sy
(6.1)
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Equilibrium of moments about B yields:

T .4h = S^.h + S^.3h

=> 4Ty = 2Sy

T

=> Ty =

SinceS^ = Sy

'y
2

(6.2)

Equations ( 1 ) and ( 2 ) are confirmed by resolving forces normally

Ty+LY=Sy

(6.3)

These results are interpreted in figure 6.9, where the components Ty and Ly define
the dotted line E, at mid-height and parallel to the top of the segment. The line E is
the locus of the T and L crossover points. The vector L is transposed fi-om C to B,
since tliis is where it acts, and is labelled L'. All vectors L' lie between B and the line
E. The corresponding radius is normal to L' at B. It follows that the locus of the
centres of radius is the line F, normal to the line E and a distance equivalent to Ly
along AB. Thus F passes through the midpoint of BC. The force lines E and F are
the critical parameters in designing skirt sections by geometrical construction, as
shown in figure 6.10. It may be noted that for each vector T, there is a unique vector
L completing the vector triangle. Thus, for a given skirt tie direction, there is only
one balancing loop radius.

Figure 6.9. The loci of the tie and loop crossover points and loop centres.
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The skirt sections shown, in figure 6.10, are produced as follows. Draw the basic
segment and construct the lines E and F. E passes through the midpoint of BC
parallel to AB. F passes through the midpoint of BC normal to AB. Draw the skirt
ties 1, 2 and 3 at A and mark their intersections on line E. Set a compass between
point C and these intersections in turn and draw in the loops, as shown, centred on
line F.
3

Figure 6.10. Geometric construction of the HDL loop-segment skirt.

Tlie tie, loop and loop centres correspond to define balanced skirt sections. Tlie
smallest radius, which may be used to balance this segment, is number 1 (see figure
6.10). Force L, due to the loop, lies on the same line as the segment BC: any smaller
loop distorts the segment face at B by folding it inwards.
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6.6 Analysis of Original Crossbow Skirt
The following analysis of the original Crossbow skirt was undertaken to assess the
skirt for balance using the method outlined in section 6.5. Utilising copies of the
original design drawings of the ABl 1 Crossbow, (Cooke 1997), two sections of skirt
were selected for analysis, namely the bow and stem. These sections are illustrated
in fig. 11.
■77

Figure 6.11. Forces acting on the original Crossbow skirt.

Stability dictates that the vector from the tie (T) and the loop (L) intersects the line
of action of the pressure on the segment (S). Figure 6.11 indicates that, for both the
bow and the stem sections, this requisite intersection does not occur. Thus the skirt,
which was originally fitted to tlie hovercraft, in the position drawn, was unstable.
Due to this instability, when in operation, the skirt distorts until all the forces were
balanced. From the information available, it is not possible to assess the manner of
this distortion. However, one of two possible results are likely:
1. The skirt may have moved in such a manner as to increase the air gap to the
surface. The airflow required to sustain the cushion increases, thus causing a
power loss and reduction of efficiency.
2. The distortion may have caused the skirt to increase its surface contact area, thus
increasing drag and again causing power loss and reduction of efficiency.
Irrespective of which of the two modes of distortion occurred, the result is the same.
A loss of power and a reduction in efficiency.
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6.7 Errors in the geometrical design method
The metliod of geometrical construction contains an inherent flaw in that it assumes
the segment profile to be triangular in shape, when in fact it is not so. The method is
also restrictive in that it limits the designer to using a 90° isosceles triangle as a
segment. In section 6.7, the error due to assuming a triangular segment will be
assessed and its effects on the final design delineated.

^^^^len a segment is inflated, it tends to curve outwards as shown in figure 6.12. If the
segment is tailored to produce an isosceles triangle, on side view, then it does not
provide an efficient seal. The concave face produces triangular shaped openings
between adjacent fingers, as shown in figure 6.12.

Figure 6.12. The inefficiency of using a triangular shaped segment profile.

In actuality, the segment is designed so that the entire periphery of the curved
segment face is in contact with the surface. This is achieved by trimming a length of
magnitude RCosG off the bottom of the segment, as shown in figure 6.13. R is the
radius of curvature of the segment face and 0 is the half angle of the segment. A
greater amount of material in contact with the surface is thus achieved, giving rise to
an increase in drag. However, this increase in drag is more than offset by the
reduction in air loss.

Ill

Figure 6.13. The truncated segment required to produce adequate cushion sealing.

If the forces, acting on a truncated segment of height 2h, half segment angle 0 and
radius of curvature R, are resolved into their horizontal and vertical components
figure 6.14 results. The force S again acts through the midpoint of the segment.
Force S has been reduced in magnitude, due to the reduction in length of the face
from BC to BD. The position of the line of action of the force has moved vertically
and laterally by R/2Cos0 and R/2Sin0 respectively, relative to the midpoint of BC,
where it was assumed to act in the previous analysis.

Figure 6.14. Resolution of the forces acting on the truncated segment.

112

Equilibrium of moments about A yields:

R
h-----Cos^

Ly .4hTan^ +

2

4hL.Tan<9 = -S.h +

Sv
=> 4Lv =---- ^
^
Tan^

f
y

R..
2

= S, 3hTan^ H—Sin^

V

S RCos^
SvRSin6>
----------+ 3S„hTan6> + -2^----------

SyRSin^
SxRCos^
--------- + 3Sv +-2-------^
2hTan^
2hTan^

Now

Sy
S. =—^
Tan^

Sy

SyRCos^

SvRCos^

4L„. =------L + _2------ r- + 3S. +-^
^
Tan ^<9 2hTan^<9
^
2h

S„
SvRCos6' 3Sv SyRCos^
+
^---------L„ =^
4Tan^^ 8hTan^6>
4
8h

(6.4)

Equilibrium of moments about B yields;

Ty .4hTan(9 =

|^h - y Cos(9 j 4- Sy |^hTan^ + -^Sin^
S RCos6>
SvRSin(9
--------- + S.hTan^ —^---------2
^
2
SyRSin^
S.RCosg^g ^

=::> 4hT.Tan(9 = S.h y
^
4T - S,
^ Tan6»
Now
Sx =

^

2hTan6»

Tan^

4T

S„ RCos^
^

Tan^^

Sy
^ "fy

2hTan6>

2

4Tan^6>

2hTan^(9

SyRCOS^

+ S„ -

S^RCos<9

^

2h

Sy

SyRCOS^

1a

8hTan^(9

4

8h

(6.5)

Combination of equations 6.4 and 6.5 yields: Sy = Ly + Ty proving that the vertical
forces are in equilibrium. The forces Ly and Ty are not equal in magnitude. Thus, the
procedure of drawing the line E, in figure 6.10 at the midpoint of BC, is not correct.
For a 90® tnmcated segment, the loci of the T and L crossover points lie on a line
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above the midpoint of the segment face, as shown by the line J in figure 6.15. The
difference in heiglit between the line J and the line E depends on; the segment tip
angle, the radius of curvature of the segment face and the height of the segment.
This height difference means that, when using the previous method, a scaled
drawing yields a tie force, correct in direction but larger in magnitude. This can be
seen in figure 6.15, where the distance AH is much larger than the actual magnitude
of the tie force, represented by the line AG. More importantly, the loop radius
yielded by this method, though again correct in direction, underestimates the
magnitude. From the triangle of forces XYZ, XZ represents the magnitude and
direction of the force acting on the segment face. The distance YZ gives the actual
loop radius. However the radius given by the previous method is the distance BI,
which is less than that, required to balance the system. Further analysis of the forces
indicates that the loci of the loop centres, line L, lies on a line perpendicular to the
loci of the T and L crossover points (line J). However, this line will not pass through
the centre of the segment face, its position, again, depends on the segment tip angle,
the radius of curvature of the segnent face and the height of the segment

Figure 6.15. Comparison of the forces acting in an actual and idealised segment.
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6.8 Optimised geometrical metliod for Loop segment skirt design.
In this section, a more versatile and accurate skirt design method is introduced. This
improved method produces a balanced system for segments, irrespective of the tip
angle, height and radius of curvature. The loop and tie contact points with the
segment are, moreover, not required to assume the same level.
Before proceeding with any skirt design, two important factors must first be
decided; the percentage of the total hover height the segments will occupy and the
width of each segment. Fingers of a loop segment skirt generally occupy
approximately 50% of the hover height (Wheeler). The finger width is critical in
that it controls the radius of curvature of the segment face and, hence, the amount by
which the segment must be truncated. Segment widths may be up to Vi the hover
height, but are generally less. Once these dimensions have been decided, the skirt
design process may proceed. The first step is the detennination of the outline of the
hull, as if it were on full cushion. Then, a suitable finger outline can be placed in
position beneath the craft, as shown in figure 6.16.

Figure 6.16. Positioning of the segment to ensure adequate ground contact in roll.

A further condition for stability is also shown in figure 6.16. The line joining the
upper skirt attachment point, H, and the lowest outer point of the skirt, D, is be
angled so that the action of the skirt as a whole (W) is slightly downwards, thus
maintaining the system in contact with the ground. If W acts horizontally, then a
section of skirt has only self-weight to hold it down. The position of point D is
chosen to produce an adequate downward force on the skirt. However, it should not
be so large as to reduce the cushion area significantly.
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The loci of the tie and loop crossover points and the loci of the loop centres must
now be found. Referring to figure 6.17, the line, SS is drawn through the midpoint
of BD and perpendicular to it, to represent the direction of the force on the segment
face. Two lines are drawn from point B to intersect tlie line SS at points X and Y.
These lines represent the direction of any two loop forces. A second pair of lines is
drawn fi-om the tie point T, on the hull, to points X and Y to represent the direction
of the balancing tie forces.
The line BE is drawn equal in length and perpendicular to BD to represent the
magnitude and direction of the force on the segment face. The tie lines are
transposed to point B and the loop lines to point E. The intersections of the tie and
loop lines at the points X' and Y' produce two sets of balanced force triangles. The
line QQ, produced by joining X' and Y', is the locus of the tie and loop crossover
points. The lines EX and EY’ represent the loop forces both in direction and
magnitude. Thus the length of each of these lines is equal to its corresponding loop
radius.
In order to find the loci of the loop centres, a line is drawn perpendicular to BX
through point B and equal in length to EX' to produce point X'. A second line is
drawn perpendicular to BY through B and equal in length to EY to produce point
Y'. The line RR produced by joining X' and Y" is the locus of the loop centres. The
line QQ acts parallel to the line joining the tie point, T and the point B. The loci of
the loop centres, RR, act perpendicular to QQ. Therefore, it is not necessary to draw
two vector triangles or two loop radii to produce these lines, this procedure having
been introduced for illustration purposes.

Figure 6.17. Construction of the loop-tie crossover and loop centre loci.
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Once these two loci have been established, a loop may be drawn between the hull
and the segment and a tie line drawn at the correct angle to balance the system.
Referring to figure 6.18, the line HB is a chord of the loop between the hull and the
segment. The intersection, C, of the bisector of this chord and the line RR, is the
centre of the loop. A tangent to the loop arc at point B yields the direction of the
loop force. The point of intersection of this loop force and the line SS produces the
point K. The line between the tie point, T, and point, K, will give the correct tie
angle to balance the system. By placing the segment attachment hole anywhere on
the line TK, balance is assured. The magnitude of the force in the tie may be
obtained from a triangle of forces, similar to those in figure 6.17. A suitable strength
tie material may then be selected. Also from figure 6.18, it may be seen that a
certain amount of finger material is saved, as the hatched area is no longer required.

Figure 6.18. Matching of loop and tie forces to produce a balanced skirt system.
6.9 Hull modifications
It is important to carry out the skirt design in conjunction with the hull design, so
that the two can be shaped to complement each other. By judicious shaping of the
hull the skirt design and manufacture process can be made much more simple.
Generally, hovercraft hulls are designed so that the outer edge is a constant shape
around the craft periphery, thus ensuring that a single loop radius, tie length and
segment is sufficient to encircle the craft. The only exception to this rule is at the
bow of the craft, where a larger loop radius is generally employed to counteract
plough in. In this skirt design case, the Crossbow hull had already been
manufactured with the bow, stem and sides all having different shapes, thereby
raising the possibility of severely complicating the design and manufacture process.
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In an attempt to obtain a more symmetrical configuration at the skirt attachment
points, some modifications have to be made to the hull. The floor of the hull, where
the segment ties are attached, has quite a symmetrical shape, as may be seen from
figure 6.19. This symmetry can be used as a basis for hull re-shaping. For ease of
transport, the original design incorporated hinged side flaps, which when the craft
was on cushion, increased the cushion area. When the cushion was deflated, these
flaps folded neatly downward. The presence of the flaps allows great scope to re
shape the sides of the craft. The width of these flaps is selected, so that the distance
(D), between the tie attachment line and the outer edge of the flap will be the same
as the distance from the tie line to the outermost point of the stem. To keep this
distance constant around both stem comers, a section of the hull has to be removed,
however the amoimt is quite small. The section to be removed is shown in figure
6.19. By modifying the hull in this way, it is possible to use the same loop around
both sides and the stem of the craft. This modification significantly speeds up the
skirt manufacturing process. The bow of the craft is not re-shaped due to the
necessity to avoid plough in, the radius of the stem and side loops being too small to
be placed at the bow.

Figure 6.19. Hull modifications.
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6.10 Crossbow skirt design and software development
The Crossbow was originally designed to have a hover height of 300mm.
Measurements from original design drawings showed that the segments occupied
2/3 of the hover height, making them approximately 100mm in width. It has been
decided to design the replacement skirt to similar dimensions.

AutoCAD® release 14 was employed to produce the skirt design. In an attempt to
speed up the design process, a computer program utilising Autolisp®, the
programming language, which controls AutoCAD®, has been developed. This
program undertakes all the geometrical calculations and constructions, required to
produce a balanced combination of loop, segment and tie forces. Once a segment
has been drawn in position beneath the craft, this program can be activated from
within AutoCAD®. On software activation, the designer specifies the loop/hull
contact point, the upper and lower points of the segment face and tlie hull/tie contact
point, points H,B,D and T respectively in figure 6.18. The developed program then
calculates the optimum loop and tie angle for the craft in question. A printout of the
program is given in appendix 2.

The developed program was used to produce the single skirt section required for the
stem and sides of the hovercraft. These sections are shown in figure 6.20.

STERN
HINGED SIDE FL.\P

y"
SIDE
Figure 6.20. Skirt sections produced using the developed Autolisp® programme.
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A problem was encountered at the stem comers. At these comers the loop goes from
being curved in one direction to a more complex bi-directional curve. A bi
directional curve cannot be physically manufactured from a flat surface, i.e. a sheet
of skirt material. An approximation to the ideal curve is achieved through division
of the comer into a number of simpler curved sections. The comer was divided into
a number of equal angles as illustrated in figure 6.21, each section having a curve in
one direction only, like a cylinder. Thus, a plan view of the comer appears like a
series of straight edges. This method is based on a technique used by pipe fitters to
manufacture bends from straight lengths of pipe. To produce a bend, lengths of pipe
are cut into a number of angled sections and then welded together. This is known as
a ‘lobster back’ bend. It can be seen from figure 6.21 that the more sections
incorporated, tlie smoother the bend will become.

Figure 6.21. Approximation of the stem comer loop.

The maximum deviation from the ideal curve occurs at the midpoint of each straight
edge. The radius at this point is always less than the ideal. The percentage variation
depends on the number of sections that the comer is divided into. Referring to figure
6.22, this error is quantified as follows:

Figure 6.22. Variation between manufactured (Ra) and ideal (Ri) stem comer radii.
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Let the error in radius be;
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For the comer in question, which is divided into 6 sections, the error is 0.855%.
However, due to the flexible and elastic nature of the skirt material, this error is
reduced further, as the cushion pressure forces the series of straiglit edges to
confonn to a more circular shape. Each comer section is simply the development of
a cylinder cut at both ends at an angle of 7.5^ and having a radius equal to the loop
radius. A full scale drawing of the sections are given in appendix D3.
The design of bow comers proved to be even more complicated than that of the
stem. Due to the symmetrical nature of the hull base, it is decided to place the
fingers at the same distance from the base, along the entire perimeter of the craft,
i.e. the distance fi'om the tie point on the hull to the outennost point of each finger,
are kept constant. This method ensures that there is a sufficiently large loop radius
at the bow to prevent plough in and also satisfied the condition requiring the overall
action of the skirt to be downward, as shown on figure 6.16. 12 fingers are required
to turn through the 90° of the bow comer. However, due to the variation of the
crafts bow shape, another four finger lengths are required before the loop radius
starts to become constant. This is illustrated in figure 6.23.
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Figure 6.23. Bow comer section.

By extending the lines produced by the 16 fingers of the bow comer outward to the
loop, the comer is divided into a number of equal sections. Utilising drafting
techniques to find the true shape of the hull as viewed perpendicular to these
dividing lines, it is possible to locate the critical points required for the skirt design.
These points are the upper point on the hull, where the loop is attached and the tie
point at the base of the hull.

Once these points are located, the finger was put in place beneath the craft and the
Autolisp® programme was used to produce a balanced loop and tie for each section.
The seventeen individual sections, produced by the developed programme, all have
different loop radii, varying from 199mm at the side to 395mm at the bow. There is
a variation of 4^ between the tie angle of section S12 and the "BOW" section. A 4°
variation in tie angle seems small, however, referring to figure 6.17, there is only a
1.5^ difference between the two angles shown there, yet the balancing loop radii
vary from 164mm to 215mm.

It is necessary to produce a separate drawing for each of the fingers concerned, each
drawing accurately locating the centre point of the tie hole. When fitting or
replacing these fingers, it is important to select the correct finger. The seventeen
sections are shown in figure 6.24. Note the large loop radius of the bow section
required to prevent plough in. It should also be noted that section "SI2" is the same
as the stem configuration and side sections.
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Figure 6.24. The variation of loop radii and tie angles at the bow comers.

Similarly to the stem comer, the loop comer is also divided into a number of
separate sections. Unlike the stem, however, the bow comer is not divided into a
number of equal angles. Loops having the greatest linear increase in radius, are
grouped together. The bow comer is tlius divided as shown in figure 6.25. Applying
equation 6.6 to each section, the maximum error is found to be 3.4% for section
S10-S6. This equation could not be used to analyse section SO-S-2 as the formula is
derived for errors on a 90^ comer, which is divided into, d, divisions and SO-S-2 is
on a straight edge. The error between the actual radius and the ideal radius between
SO and S-2 is calculated to be 0.3%. These errors are further reduced, due to the
flexible material conforming to a more circular shape, when the skirt is inflated.

Figure 6.25. Approximating the bow comer loop.
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By grouping together sections, which best approximated a linear increase in loop
radius; it is possible to model each section as a frustum. After utilisation of the
Autolisp® programme to produce the balanced skirt sections, the Cartesian co
ordinates for each of the critical loop centres and loop quadrant points were
recorded. The dotted lines in figure 6.25 join the centres of the loops in question.
The line, joining two loop centres, is the axis of the cone and the line, joining the
quadrant points of the same loops, produces the correct tip angle, from which the
fhistum can be produced. A step by step procedure, illustrating the methods used to
produce the correct shaped development for one of the bow comer sections, is
explained as follows:

1. Figure 6.26a shows the comer section S0-S3. The line C0-C3 joins the loop
centres and is the axis of the cone, from which the loop development will be
produced. The curve AB is the base of the loop, where the fingers are attached, and
the curve CD is the outer edge of the hovercraft hull, to which tlie top of the loop
will be fixed. The line CE joins the loop quadrant points and defines the outer edge
of the cone.

Figure 6.26a. Isolation of the critical comer points.

2. Extension of the lines C0-C3 and CE produces half the cone tip angle, as shown
in the left hand cone of figure 6.26b. As the centres of each loop are at different
elevations, the cone axis is not parallel to the horizontal and so the left cone of
figure 6.26b is not a frue shape. However, the curves AB and CD are tme shapes. By
using the variation in loop centre heights, the angle of the cone axis to the horizontal
can be calculated. Figure 6.26b also shows the variation between the true and
apparent axis length.
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Figure 6.26b. Production of tlie initial cone and true cone of the bow comers.

The cone on the right of figure 6.26b shows the tme shape of the cone. This tnie
shape is effectively produced by rotating the cone through an angle, equal to the
slope of the cone axis to tlie horizontal, about the line X-SO. As the cone is rotated
about the line X-SO, the curves AB and CD must also be rotated about the same line
to produce their tme shape relative to the cone. This rotation is achieved though
AutoCAD . The tme shapes of the curves are shown on the right hand cone.

3. Once the tme shape of the cone and curves are produced, geometrical
constmction methods are employed to produce the development of the comer
section. This is illustrated in figure 6.26c, which shows tlie exact shape of the
section without the additional material necessary for jointing overlaps or fixing the
loop to the hull or fingers.

Figure 6.26c. Development of bow comer section.
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When inflated, the basic finger shape is concave on its cushion side. The concave
shape at the rear of the craft leads to scooping of water and thus high drag. One
method used to overcome this problem is to place a second rear facing finger in
front of all the rear fingers to deflect water away and thus prevent scooping. This
method is illustrated in figure 6.27.

Figure 6.27. Double fingers at craft rear to prevent scooping.
However, another method exists, which is much more simple and just as effective.
The method involves closing off the front of the segment with a strip of material
producing a segment, which is known as a “chip bag” (Jacobs, 1997). When moving
forward, these segments are held tightly closed due to the contact force of the
surface. To prevent the chip bags from filling with water from the large amount of
spray developed within the cushion, a spray guard is fitted between the top of each
“chip bag” and the hull of the craft. This spray guard and chip bags are attached
along the rear of the craft and continue around the stem comers for 45°. A diagram
of this configuration is shown in figiu'e 6.28. It is important that the spray guard
hangs loosely and does not take any of the loads on tlie ties, as this would destabilise
the skirt.

Figure 6.28. Facing strips used to produce rear “chip bags” and spray guard
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Fully dimensioned drawings of the entire skirt, including each of the sections
required to manufacture the loop and fingers are given in appendix D3. These
drawings include the additional material required for jointing and attaching the loop
to the hull and fingers. In certain cases, particularly for the bow comer
developments, the sections have been plotted to full-scale, as it is simpler to use the
full-scale drawing to produce templates than to attempt to dimension such complex
curves.
6.11 Skirt Manufacturing methods
6.11.1 Ties
Ties are the components used to attach the fingers to the base of the hull. The ties
are manufactured from a length of nylon twine and two aluminium bars. The bars
are 20mm in length and 4mm in diameter. The twine is threaded through a hole in
the centre of each bar and then knotted to keep it in place. Using this method, a
large quantity of ties can be quickly and simply produced. Due to the methods used
to design the skirt, a number of different tie lengths are required. The ties for the
stem, sides and some of the bow comers are 350mm long. Tlie ties required for the
bow and the remainder of the bow comer fingers will vary in lengtli. The variation
in length is due to the variation in the tie angles at the crafts bow. Details of the
correct tie lengths may be foimd on the relevant finger design drawing. The ties are
attached to the hull by threading one of the aluminium bars through a 12mm
stainless steel ring at the hull base. The second aluminium bar is then threaded
through a hole in the finger. The hole in the finger is reinforced with a double layer
of skirt material and a brass eyelet. Utilisation of this type of tie results in a quick
and simple method of attaching the fingers to the hull. An illustration of a tie and
the fixing points on the hull and finger is given in figure 6.29.
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Figure 6.29. Tie attachment metliods.

6.11.2 Joints
The hovercraft skirt is produced in sections and then assembled using either
temporary or permanent joints. The majority of the permanent joints are used in the
manufacture of the loop. These joints will be cold bonded using an adhesive
specifically designed for neoprene coated skirt materials. Gluing ensures an airtight
joint and is a quick and simple method of joining the skirt sections. If glued joints
do not have an adequate overlap, they will consequently not have sufficient strength.
In the case of the Crossbow skirt, the joint overlap is 25mm. An important factor to
keep in mind during the manufacture of the loop is the direction of the joint overlap
relative to the motion of the craft. Figure 6.30 shows the correct overlap direction. If
the joint were faced in the opposite direction, the force of water impacting on the
joint may peel the joint apart.

MOTION

25mm

Figure 6.30. Glued joint overlap relative to craft motion
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The other bonded joints used on the skirt are the strips, which are glued to the rear
segments to produce the chip bags and the reinforcement used around the hole on
the finger, where the tie is attached. These sections should be glued to the inner
surface of the fingers. This process ensures a smooth outer contact surface for
adjacent fingers to press against, thereby yielding a better seal.

The remainder of the joints on the skirt are not permanent. Nylon nuts and bolts are
used to attach the fingers to the loop and the tops of the chip bag strips to the spray
guard. Nylon washers are employed to spread the loads and prevent tearing. A
60mm overlap on the loop and spray guard and a 25mm overlap on the finger and
“chip bag” tip are required to produce an air tight seal. Figure 6.31 illustrates the
correct method to arrange these joints.
LOOP

FINGER

Figure 6.31. Production of an airtight seal between loop and finger.

6.11.3 Pleated fingers.
When inflated, each of the fingers is approximately 105mm wide. The bottom of the
finger face will be semicircular in shape due to the cushion pressure, however the
top of the finger will be straight where it is attached to the loop. This variation in
shape was considered a problem initially, but was thought to have been overcome by
tapering the mid section of the finger so that the upper section would be 105mm
wide and the lower section would be equal in length to tlie perimeter of a semicircle
105mm in diameter. However, on further analysis, it was discovered that, as the tip
of the finger began to wear the remaining material is not sufficient to produce a
circular shape of the correct diameter. This causes gaps to open up between adjacent
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fingers and, as the tip wear increased, the width of these gaps becomes progressively
larger, causing an increase in airflow and loss of cushion pressure.
To overcome this problem, the “pleated finger” has been developed specifically for
the Crossbow skirt. This finger does not have a tapered mid-section, instead it’s
mid-section is sufficiently wide to produce the correct diameter arc over it’s entire
height. To overcome the problem of the finger being too wide at the top, the outer
ends are folded over on each other twice to form a pleat. Referring to figure 6.31,
the finger is folded along line 2, so that holes B and C are in line. The material is
folded back on line 1, so that hole A is inline with both holes B and C. A single bolt
is then passed through the loop and all three holes, to produce the air tight seal
illustrated in figure 6.31. The procedure is repeated for the other three holes at the
right hand side of the finger development. This method ensures that the finger is the
correct width at the top of its face. The pleat also ensures that, as the fingertip
wears, the correct amount of material is still available to produce the correct
diameter arc at the base of tlie finger. Another point of interest is the curved shape at
the bottom of the finger development. This is known as a “scalloped edge” (Jacobs
1997). Essentially, this curve is the semi- development of a 105mm diameter
cylinder cut at an angle of 45*^, (the angle that the segment face makes with the
horizontal). This curve ensures that the base of the finger remains in contact with
the surface over its entire length.

Figure 6.32. Folding of the finger to produce a pleat.
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6.11.4 Skirt attachment.
The upper part of the skirt loop is attached to the hovercraft hull at the bow and
stem. Along the sides of the craft, the skirt is attached to the hinged aluminium side
flaps, which are in turn attached to the hull via the hinge. The side flaps are made
from 3mm thick aluminium sheets. The flaps are produced in three sections, as the
sheets are only available in 2m X Im lengths and the aluminium flaps are
approximately 4.9m in length. To ensure an airtight seal at the hinged side, a strip of
skirt material is sandwiched between the hinge, the hull and side flap as shown in
figure 6.33.

Figure 6.33. Sealing of the hinged flap.
The loop is attached to the aluminium flaps by simply bolting it, using nylon nuts,
bolts and washers, to the underneath of the hinged flap. The loop is attached to the
bow and stem by sandwiching it between the hull and a strip of marine aluminium
as shown in figure 6.34. A similar metliod is used to attach the spray guard to the
base of the hull at the stem.

HULL

Figure 6.34. Attachment of the loop to the hull.
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6.12 Summary
In this chapter, the various stages in the evolution of the hovercraft skirt are
introduced and the main characteristics of the most common skirt configurations are
discussed. The reasons for fitting the Crossbow with the HDL loop segment skirt are
explained and a more detailed description of this skirts characteristics is given.

A geometrical design method for HDL loop segment skirts is introduced and used to
assess the balance of forces in a number of sections of the original Crossbow skirt.
This assessment indicates that the original skirt is out of balance, thereby retarding
the performance of the craft. This design method is initially used to design the latest
Crossbow skirt. However, during the design process, a number of the assumptions
used in the development of the design method are found to be inconsistent. The
design method is further analysed and modified, employing more accurate initial
design conditions. A mathematical analysis of the modified design method yields a
balance of forces within the skirt system, thereby validating the new assumptions
and boundary conditions.

With the aid of numerous illustrative diagrams, the procedure for designing a
balanced HDL skirt, using the modified design method, is explained. The
AutoCAD® computerised drafting programme is employed in the design of the new
skirt. A study of Autolisp®, the computer language, which controls AutoCAD®, is
undertaken. A customised software sub-package, within AutoCAD® is developed, to
produce a balanced HDL skirt section for any hovercraft. This developed software
greatly speeds up the design process and will be an invaluable tool in ftiture designs.

To ensure a uniform skirt section, around the stem and sides of the craft, some
minor modifications were made to the shape of the rear comers of the hull. These
modifications are ftilly explained. The skirt is designed to provide a simple
interchange of components to facilitate future skirt testing.
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Once the various balanced skirt sections are produced, using the customised
AutoCAD® command, these sections are combined into a single set of fingers and
one complete loop. The “pleated” finger is developed specifically for this latest
Crossbow skirt. This type of finger ensures a constant seal between adjacent fingers
even after substantial finger wear. It also produces an airtight seal and minimises
distortion at the loop finger interface. Design of the loop comers, particularly at the
bow comers, proved to be rather complicated. A comprehensive and illustrated
explanation of the production of these comers is set out. Additional information on
the skits manufacture process is also delineated.
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CHAPTER 7
SKIRT MATERIAL
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7.1 Introduction
The following chapter outlines the mechanical and chemical property requirements of
hovercraft skirt materials. Various polymers, used as material coatings, reinforcing
fabrics and the chemical composition of the adhesive tie coats, used to bond the
coatings to the reinforcing fabric, are discussed. A discussion is then undertaken on
the effect that chemical composition and/or construction of each of the skirt material
constituents has on fatigue life, abrasion, tear and impact resistance as well as
resistance to environmental factors, such as temperature, ultraviolet radiation and
ozone. The mechanisms behind the most common modes of failure in skirt materials
are discussed and areas, where possible improvements could be made in the future,
are outlined.

7.2 Matenal Requirements
Hovercraft operate over varying terrain such as water, sand and marsh resulting in a
complicated combination of both static and dynamic loads. Therefore, when selecting
a hovercraft skirt material for a particular application, a number of requirements must
be fulfilled. The material must be capable of withstanding the applied static and
dynamic loads, have a high strength-to-weight ratio; low flexural modulus; high
fatigue, impact and abrasion resistance and have an environmental resistance to
water, sunlight, ozone and fuel contact. These properties must be maintained at low
temperatures, such as would be encountered in Arctic operation, and also at the
elevated temperatures, caused by high frequency flexure of the material.
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7.3 Material Construction
In almost all cases, hovercraft skirt material is a three constitute composite consisting
of:
1. An elastomer covering.
2. A woven fabric reinforcement.
3. A tie coat bonding the reinforcement and coating.
The material is a laminated structure, as shown in figure 7.1, with the woven fabric at
the centre, the rubber coating on both sides and the tie coat comprising an almost
imperceptible layer between the two.

Figure 7.1. The laminated structure of hovercraft skirt material.

The characteristics of coated fabrics are influenced by the properties of each
constituent material, but the combined material system will behave quite differently to
its individual components. The mechanical properties of the reinforcing fabric are
modified by the locking action of the tie coat and still further modified by the
application of the elastomer coating. In general, the elastomer coating dominates
abrasion and erosion resistance, crack initiation and growth and environmental
resistance. The type of coating contributes strongly to the adhesion of the reinforcing
fabric and to the dynamic loading material response (An^ot 1989). Antyot also states
that the reinforcing fabric determines the materials tensile and tear strength, fatigue
life and elongation, while also contributing to the materials response to dynamic
loading and to the chemical and physical adhesion of the tie coat and elastomer
coating. The tie coat, although comprising less than 1% by weight of the total
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composite, has a significant effect on the mechanical properties of the material
(Arr^'Ot 1989). The tie coat contributes in a significant manner to coating adhesion
and to moisture resistance, by preventing water from wicking through the fabric. The
tie coat is dominant in the failure of bonded seam joints and contributes to the
materials flexibility and response to dynamic loads (Albrecht, 1973).

The skirt designer balances critical design criteria such as life, weight, performance
and cost of skirt materials. When selecting a skirting material for a particular
application, the goal is to identify the optimum combination of coating, reinforcing
fabric and tie coat. A light weight and durable skirt system is very important. As
coated fabrics are made stronger and more durable, they also become heavier, thicker
and less flexible. The reduced flexibility causes a reduction in the skirts sealing ability
and an increase in drag. This, increase in drag coupled with the increase in weight,
absorbs more power.

7.3.1 Coating Material
A wide range of commercial elastomers are available as coating materials. This range
includes; natural rubber, butadiene. Ethylene propylene dieneterpolymer (EPDM),
Polyurethanes, Neoprene, epichlorohydrin (hydrin) and Propylene oxide. Natural
rubber has excellent fatigue, cut and abrasion resistance but only poor to fair ozone
and oxidation resistance. Butadiene has excellent abrasion resistance but has poor
ozone and oxidation, resistance. EPDM has excellent resistance to ozone and air
oxidation but has only fair cut resistance and does not bond readily to reinforcing
fabnc. Polyurethanes have the highest specific strength with excellent resistance to
abrasion, however exhibiting only fair fatigue resistance. Neoprene has excellent
resistance to ozone and oxidation. It bonds well to reinforcing fabrics and has an
excellent bond strength, however its fatigue and cut resistance are only fair. Hydrin
has excellent resistance to hydrocarbon fuels and oils, but has only fair abrasion and
fatigue resistance. Propylene oxide rubber has excellent fatigue resistance and
excellent resistance to ozone, sunlight and oxidation but is very difficult to bond to
reinforcing fabrics (Good year Aerospace Corporation, 1972).
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Thus, no elastomer uniquely possesses all the best properties for a coating material.
However, these elastomers are rarely used in a pure state. Elastomers are generally
mixed with fillers such as carbon black, silica and oil, blended with other polymers
and vulcanised, thereby greatly increasing the range of coating compounds. By
blending different compounds, a better balance of properties for a particular
application may be attained. The enhanced fatigue resistance of a natural
rubber/butadiene blend is shown in figure 7.2.

Figure 7.2. The superior fatigue properties of a natural rubber/butadiene blend.
(Good year Aerospace Corporation, 1972).
This enhanced resistance is due to the fact that natural rubber has superior fatigue
resistance at high elongations (> 50%) whereas the butadiene has excellent fatigue
resistance at low elongations ( 0-50%). Figure 7.3 displays the superior abrasion
resistance of the same blend. In both cases, the sarr^ reinforcing fabric was used. The
poor abrasion resistance of hydrin is also illustrated in figure 7.3

NUMBS) OF ABRASION KILOCYCLES,
TABER (H-22 WHEEL. I kq LOAD)

Figure 7.3. The superior abrasion resistance of a natural rubber/butadiene blend. (Bell
Aerospace Textron, 1973).
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7.3.2 Reinforcing Fabric
The function of the reinforcing fabric is to provide strength without reducing the
flexibility of the protective coating. Nylon has traditionally been used as the
reinforcement for skirt material for the same reason that it is used as reinforcement
for tyres, it is strong, tough and elastic. Nylon bonds well to rubber, resists fatigue
and is quite economical. Polyester yams of the same strength have the advantage of
having lower moisture absorption and lower creep rates. However polyester does not
bond readily to mbber (Albrecht, 1973).

The properties of the fabric reinforcement can be controlled by varying: the weave
pattern, the number of yams per unit width, the yam denier, (Denier is the weight in
grams of 9,000m of yam.), the size of the filaments in the yam, the extent to which
the fibres are twisted together and the type of yam used.

The most commonly used weaves are the plain, basket and twill patterns as illustrated
in figure 7.4. Weave patterns influence such properties as elongation, tear strength,
free open area, weight, thickness and flexural rigidity, A plain weave (1X1) will
generally experience greater elongation than longer “float” weaves (2X2, 3X3 or
4X4) because of the longer length of yam per unit length of fabric (yam crimp). A
large number of interlacings, per unit, area can restrict as adjacent yams constrict
movement. As a result, a reduction in tear strength will occur. The tear strength
could be increased by using a smaller number of larger denier yams to attain the same
tensile strength. In such a structure yam crimp would increase, as would the fabric
thickness, elongation and free open area
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PLAIN

WEAVE

I X I
BASKET

WEAVES

TWILL WEAVES

Figure 7.4. Fabric weave patterns.

The filaments of a yam are held in shape by the insertion of a twist. Low to moderate
levels of twist improves the strength of the yam by redistributing length differences
between the filaments so that tensile loads are more evenly shared. Higher levels of
twist tend to reduce the strength of the yam due to the increased angle of orientation
of the filaments to the axis of loading. However, high twist levels are sometimes
needed in order to produce an open weave. As can be expected a high twist will
constrain the filaments in a circular cross-section, whereas, if the twist is low, it will
be easier for the yam to spread and fill the available space.

Three studies carried out in the seventies, (Bell Aerospace Corporation, 1973,
Goodyear aerospace Corporation, 1973, Rohr Industries Inc., 1976) concluded that
the optimum reinforcement fabric was an open, medium float, i.e. 2X2 or 3X4,
basket weave, woven fi'om moderate twist yams. A later report by Bell Aerospace
Corporation (1977) showed that a closed 3X4 basket weave was superior in fatigue
resistance to a more open weave. However, a more open weave exhibited superior
coating adhesion.
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A detailed study designed to assess the effects of fabric structure on the flex fatigue
behaviour of skirt materials was carried out by Schoppee et al., (1984). The results of
this study confirmed that closed weave reinforcing fabrics exhibited superior fatigue
resistance. Six principal construction features of the fabric were varied: fibre dinier,
yam dinier, yam twist, float length, weave pattern and yam crimp level. Each weave
was coated with the same tie coat and elastomer coating. The specimens were then
subjected to a high frequency, high curvature cyclic loading.

The average lifetime of the specimens ranged fi'om a low of 140,000 cycles for a 3X3
twill weave using high twist, high dinier yams, to a high of 21.7 million cycles for a
plain weave using a low tvrist, low dinier yam. Overall it was found that the thinner
fabrics manufactured from low crimp, low dinier yams performed best. Figure 7.5
illustrates the variation of fatigue life with fabnc thickness.

24r

6

8

10 x0'0254

SUBSTRATE THICKNESS (cm)

Figure 7.5. Variation of flex lifetime of rubber/fabric composites with fabric substrate
thickness. (Schoppee et al., 1984).
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The contours of the rubber layers of several fabric constructions, representing a wide
range of flex lifetimes, are shown in figure 7.6. Although the amount of rubber
applied to each fabric remained the same, the thickness of the rubber layer varied
locally within the structure according to the pattern of the underlying weave. The
thickness of the rubber layer varied more in fabrics containing thicker and more open
weaves. The rubber layer was found to be thinnest over the fabric knuckles and
thickest between the yam crossovers. Examination of the failed specimens showed
that the mbber tended to fail at the thinnest regions. The thin sections of mbber on
the outside of the bend are subjected to the greatest tensile strains due to bending and
are additionally vulnerable due to the stress concentrations in these areas. Lower yam
dinier, yam twist and yam crimp all result in a smoother material surface and lower
knuckle heights. This lower knuckle height results in a more uniformly thick mbber
layer, which reduces the effects of stress concentrations. Such materials were found
to better withstand the high frequency flexure.
AVERAGE
FLEX-LIFE

PLAIN

WEAVES

(million cycles)
12

»

2.Z
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0.6
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3X3

aa

TWILL WEAVES

10,080 DENIER,

LOW TWIST WARP AND FILLING
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HIGH TWIST WARP AND FILLING

0.8

0.14

Figure 7.6. Profiles of the mbber layer fi-om several mbber coated fabrics. (Schoppee
et al., 1984).
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Schoppee also investigated the effect of fabric structure on impact. The impact test
caused less damage to plain and basket weaves with bjgh ^Adst yams than to plain
weaves fabrics with low twist yams. Results from the flex tests, however, indicated
the opposite effect. During impact, the energy, in some cases, was sufficiently large
to dismpt the adhesive bond, causing direct delamination without the intermediate
stage of flex cracking. The fabrics, which performed well, were generally more open
fabrics containing at least one set of highly twisted yams. These open constmctions
allow bridging of the mbber through the fabric pores and hence produce a stronger
bond. However, this bridging can sometimes reduce the tear strength of the fabric.
Under tearing conditions, if the fabric yams are allowed to bunch up and share the
load, the tear strength is improved When the fabric is deeply impregnated with the
elastomer coating, weave fixation occurs. Thus, when a tearing load is applied, this
load will only be carried by one or two yams and as each yam fails, the load will be
abruptly applied to the next yam.
Although the geometric arrangements of the filaments in a yam influence the fabric
properties, fabric tensile strength ultimately depends on the type of fabric used.
Kevlar® aramid fibre, having a strength twice that of nylon or polyester, has seen
extensive use in the tire manufacturing industry. However, when used in a woven
form as a reinforcing fabric, it tends to self abrade. Spectra Fiber®, produced by
Allied Signal, has a strength of over three times that of nylon. It is moisture
insensitive and has excellent fatigue resistance. Spectra Fiber®, thus, is an extremely
promising candidate for a reinforcement fabric. However it is very difficult to bond it
to elastomer coatings (Prentice 1997).
The use of high strength fibre reinforcement for skirt materials looks particularly
promising. When using the stronger fibres, the weight required to achieve a given
level of strength can be significantly reduced. Thus for a given strength of fabric,
Kevlar* weighs less than half that of nylon, while Spectra Fiber® weighs less than one
third of nylon. Also for the stronger yams, the fabric thickness would be significantly
reduced and less coating would be required to fill the pores of the fabric. This results
in a laminate, which is less rigid and thus more capable of providing a better seal.
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7.3.3. Tie coat
The tie coat has a significant effect on the strength of the reinforcing fabric. If not
closely controlled, the tie coat can sometimes greatly reduce the tensile and tear
strength of the fabric. The reduction in strength is due to a change in the Young's
Modulus of the yam filaments, which come in contact with the tie coat. When the tie
coat is applied to the surface of the fabric, the Young's Modulus of the outer
filaments is increased. This variation in Young's Modulus induces unequal load
sharing in the filaments, causing sequential firacture of these filaments and a
subsequent loss of strength. Thus tight control of the tie coat is required to produce
both a high coating adhesion and a high fabric strength efficiency, (Amyot 1989).

The two most common tie coat adhesives are resorcinol-formaldehyde-latex (RFL)
and isocynateanate systems. WTien using RFL, three factors can be varied;

1. The ratio of the three principal ingredients.
2. Reaction time.
3. Temperature.

Isocynates are a mixture of mbber formulations, solvents and isocynate. The adhesive
level is primarily dependent on the isocynate. Isocynates are sensitive to moisture,
therefore care must be taken to exclude moisture from the system or else to use a
blocked isocynate, which will not react with water.

While the degree of coating adhesion depends on the constituents in an RFL system
and on the isocynate content in an isocynate system, the type of coating material also
plays a significant role in the strength of the bond. Table 7.1 (Albrecht, 1973)
illustrates the difficulties involved in bonding EPDM to nylon and, conversely, the
ease with which neoprene bonds to nylon..
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Table 7.1. Adhesion dependence of rubber formulation & adhesive. (Albrecht, 1973)
Adhesive Systems

Coating Adhesion Kg/cm
Neoprene 1

Neoprene 2

EPDM

Natural
Rubber

9.7

2.5

9.3

9.0

35.8

18.8

0.5

2.1

16.3

10.9

1.6

1.1

DuPont IPD-22 &
D-5C (RFL)
Zamal

Z-675A

2.1

(RFL)
Isocynate 698B
Chemlok

402

(Isocynate)

7.4. Material failure modes.
While loop failures are potentially more dangerous than a finger failure, the
mechanisms of failure are more easily understood and controllable. Due to the fact
that the loop basic loading is internal pressure and that the loop shape is cylindrical,
then this type of structure lends itself more readily to conventional structural analysis
as opposed to finger structures. The elevated position of loops results in these loops
not expenencing failure due to wear or fatigue. Generally, loop failures would be
caused by a material defect or poor fabrication methods. One mode of failure,
experienced other than a defect failure, consists of fatiguing of the material around an
area of stress concentration such as a web attachment or bolted reinforcement area.
Redesigning attachment areas for better load distribution can alleviate these damage
processes. Loops are fi'equently designed in sections not only to facilitate
maintenance, but also to provide rip stops so that any failure in the loop does not
propagate along the entire periphery of the skirt.

Service lives of up to 2000 hours can now be achieved (Jacobs 1997). In the
language of the automobile industry, this equates to greater than 100,000 miles
service before a loop change is required. The loop failure mode, however, is
overshadowed by the short life of the fingers, which currently varies fi'om 200 to 600
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hours depending on the speed of operation and location of the craft (Jacobs 1997).
The main factors influencing the failure modes of skirt m-aterials are the type of
loading, be it high frequency fatigue loading, generally associated with over-water
operation, or high contact forces such as impact or abrasion loading, which are more
prevalent in over-land operation.

7.4.1 Fatigue failures
Fatigue failures are generally caused by either flutter or flagellation (Buckley et al.,
1973). Flutter can be regarded as; “a steady state motion superimposed on random
dynamic disturbances”, (Buckley et al., 1973). Due to the variation of the tensile
forces at the tips of the fingers, the air escaping past them causes a low amplitude,
high frequency vibration. These vibrations are free of any contact with the sea or land
over which the craft operates and are excited directly by the airflow. Initially, flutter
frequencies were thought to be in the range of 10 to 20 Hz. (Crew, 1971). However
a later study, utilising high speed photography, recorded frequencies ranging from
100 to 300Hz.(Bell Aerospace Textron 1978).

Flagellation is associated with the contact of a finger edge with either a wave or some
land obstacle. The resulting spring-back and low frequency oscillation of the finger,
due to the air pressure pushing the finger back into an equilibrium position, produces
the critical stresses and moments. Crew, (1971) recorded these oscillations as having
a frequency of approximately 15 Hz. The Bell Aerospace Textron report (1978)
found the frequencies to range between 6 to 10 Hz. The vibration due to the finger
oscillation transmits to the side faces of the fingers and can cause considerable wear
due to adjacent fingers rubbing against each other.

Flutter and flagellation eventually lead to delamination of the skirt material.
Delamination is one of the most common failure modes. It occurs when the bond
between the core fabric and the coating is broken down. Delamination due to fatigue
begins with cracks in the coating, caused by the continuous flexing, which eventually
lead to exposure of the core fabric. This exposure, coupled with water absorption, or
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when operating over land, snagging of the exposed fabric yams, causes subsequent
material failure. A section of skirt material having failed due to delamination is shown
in figure 7.7.

Figure 7.7. Skirt material failure due to delamination (Vickers, 1965)

The forces imparted to the fingers while following a wave contour can be determined
by consideration of the acceleration of a particle following a sinusoidal waveform
(Hogben 1967). These accelerations can be calculated using the following equation;
2

n = 27r^^ V +

(7.1)

Where:
n = Vertical acceleration (g's.)
= Wave height (ft)
A, = Wavelength (ft)
V= craft forward speed (fts’’)
g = acceleration due to gravity (fts'^)

From figure 7.8 (Hogben 1967), it may be seen that significant accelerations can be
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expenenced. For example, on a skirted craft travelling at 60 knots in 6 foot (1.83m)
waves of wavelength 120 feet (36.6m), the lower fingers would experience
approximately 4g acceleration. If the craft were travelling on shorter wavelengths, for
example 60 feet (17.3m), then this acceleration raises to 15g.
VERTICAL ACCELERATION (n,g*i)

Figure 7.8. Variation of finger acceleration with wave length and craft speed, per unit
wave height (Hogben 1967).
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7.4.2 Contact forces
Contact forces are the other main source of damage to skirt (Vickers 1965). Failures
due to contact forces are predominant in over-land or ice operation. However, large
contact forces can be experienced in water operation, when at high velocities or in
rough seas. Cutting generally occurs due to the skirt passing over sharp objects.
These objects can either slice the elastomer coating and expose the fabric core or, at
worst, cause tearing of the fabric. Most of the failures involving tearing of the
matenal are caused by abnormal snatch loading conditions (Vickers 1965). Abrasive
failures occur where the rubber coating is scuffed away at the lower extremities of
the skirt and occur as a result of travelling over concrete slipways, sand, gravel or
ice. The exposure of the core fabric soon leads to complete failure of the material
(Vickers 1965). Abrasion generally occurs at the finger tips or along a localised fold
on a finger edge which, once the wear process is complete, resembles a tear of the
type shown in figure 7.9.

Figure 7.9. Typical abrasion pattern occurring in a localised fold (Vickers 1965)
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Hovercraft experience impact forces either due to objects floating in the water or due
to unexpected land obstacles. Impact forces can, if large enough, cause direct
breakdown of the tie coat resulting in delamination without the intermediate stage of
flex cracking (Vickers 1965). Once delamination occurs, the fabric frays, forming a
hole, which will eventually progress to the finger tip and resemble a tear. Drag forces
can be broken down into two sections: calm water drag and rough water drag. Calm
water forces involve contact of the finger edges with water as the craft moves.
Similar contact will take place on land. However land contact will be more abrasive
in nature. Generally contact forces are small, but they can be locally high at the finger
edges and can cause tearing or cracking of the elastomer coating. The forces
encountered in rough water drag can be much larger in magnitude and are more
important from a structural point of view. In this case, tuck under and plough-in, as
well as the hulls structural integrity, would be more significant than the reduction in
efficiency or the loss of cushion associated with a material failure.
7.4.3 Environmental effects.
Although secondary in importance to the effects of fatigue and contact force failure,
the operating environments encountered can be complex and do contribute to the life
of skirt materials. The main influencing environmental factors are temperature, water
and chemical contamination and ageing due to ultraviolet radiation and ozone.
Temperature has a major effect on the mechanical properties of elastomer coatings
(Tennyson and Smailys, 1977). Generally wear and degradation are greater at
elevated temperatures. The relevant temperature is not necessarily the ambient
temperature, but the temperature of the material. During high frequency flexure,
material temperatures can rise well above the ambient temperature. The amount by
which the temperature rises depends on the internal damping factor, stress, frequency
and heat transfer, (Hertzberg et al., 1975). Increased temperatures have been shown
to increase the rate of abrasive wear of skirt materials (Tennyson and Smailys, 1977).
Tennyson and Smailys showed that wear rates decreased as temperatures fell from
75^ (24°C) to -30^ (-34°C). Thus materials, which are suitable for warm climates,
may also be suitable for Arctic operations. However the opposite may not be true.
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In general, water tends to have a deteriorating effect on the mechanical properties of
skirt materials. Kelly et al. (1974) discusses the effects of water on skirt material. The
tendency for fabrics to soak up water from the free edge, or at any position, where
the fabric has been exposed, is known as wicking. This water soakage can cause the
chemical bond between the coating and the fabric to weaken or even completely
break down, thus leading to delamination. Material coatings can also be damaged
through contact with fuel, lubricating oils, hydraulic fluids, etc. Tests to determine
materials resistance to chemical contamination have been undertaken on an extensive
basis but sometimes chemical resistance has to be sacrificed for other qualities such
as improved abrasion or fatigue resistance (Prentice 1997).

Due to the short fatigue lives of skirt fingers, deterioration due to environmental
ageing is not a commonly encountered problem However, ageing is something,
which must be considered when selecting a loop material. The structure of elastomer
coatings are broken down by ultraviolet radiation from the suns rays and due to the
presence of ozone in the atmosphere. BS 903, part G8 outlines a procedure to test
the ageing properties of vulcanised rubber.

7.5. Summary
Skirt materials are exposed to harsh environments, in which they must survive a
complicated and severe combination of static and dynamic loads. Skirt materials must
withstand these loads for extended periods of time without failing by tearing, flex
cracking, fraying, delamination or abrasion. Choice of elastomer type and fabric
construction has a dramatic effect on material life.

No one elastomer uniquely exhibits the optimum properties of a coating material. The
principal requirements of elastomer coatings are that they be flexible and of
lightweight. Elastomer coatings must resist abrasion, flex cracking, impact loading
and the effects of water, sunlight, ozone and fuel, as well as the degrading effects of
high internal temperatures caused by high frequency flexure. The skirt fabrics must
combine flexibility with high tensile and tear strengths, low weight and fatigue
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resistance. The ability of the tie coat to bind the reinforcemait to the elastomer is
critical as neither component can serve as a useful skirt material separately. The goal
of the skirt material designer should be to identify the best combination of elastomer
coating, fabric material and geometry^ and tie coat to obtain the best balance of
properties for the application.

Since the construction of the woven fabric almost completely dominates the
mechanical behaviour of the skirt material, the choice of fibre type is critical. High
strength tire cord grade nylon is currently the fibre of choice. Stronger materials do
exist such as Kevlar® and Allied signals Spectra fiber*. However Kevlar® self-abrades
in the woven form and Spectra fiber® will not bond readily to elastomer coatings.
Resistance to flexure fatigue has been shown to be greatest in thinner, closed fabrics
plain woven fi-om a greater number of smaller yams. This stmcture produces a
thinner and more uniform substrate layer and, as a result, a locally more uniformly
thick elastomer coating is applied. Avoidance of very thin sections in the elastomer
layer over the fabric knuckles, where flexure cracks initiate, helps to promote good
fatigue resistance. Unfortunately such a fabric performs poorly, when subjected to
high energy impact, and will delaminate very quickly. During high energy impact the
strength of the fabric to elastomer bond is of prime importance. Achievement of an
adequate bond, utilising the available tie coats, requires an open fabric weave so that
mechanical interlocking of the elastomer through the pores may occur. The obvious
advantage of a higher strength fibre in this application is that fabric strength
requirements could be met with a fabric, which is both thinner, to promote longer
fatigue lives, and more open, to provide pathways for the bridging of the elastomer
for better adhesion.

Material failure can be broken down into two main categories: failure due to fatigue
forces and failure due to contact forces. Fatigue failures are dominant in over-water
operation and failures due to contact forces dominate in over-land operation. Fatigue
failures occur due to flutter and flagellation. Fatigue forces cause a breakdown of the
bond between the coating and the fabric known as delamination. Once the fabric has
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been exposed, complete material failure will occur quite rapidly. The most common
type of contact forces are abrasion, impact, cutting and tearing. Abrasion and impact
forces cause the most damage as they cause the separation of the coating from the
fabric, which again, leads to rapid material failure. Cutting and tearing failures are
generally more localised and therefore have less effect on the skirt performance and
are easier to repair or replace.
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CHAPTER 8
SKIRT MATERIAL TESTING
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8.1 Introduction.
The standard material tests designed by hovercraft skirt material manufacturers are
described hereafter. The underlying principals developed to more accurately simulate
hovercraft skirt material failures in a laboratory environment are set out and the
requirements of a practical material test rig are discussed. The problems associated
with using full scale operational craft to assess candidate skirt material are also
discussed A review is undertaken of the more popular material test rigs of past and
present. The ability of these rigs to produce similar modes of failure as would be
experienced on an in-service craft, is discussed.

8.2 Standard material tests
The materials used to produce hovercraft skirts are of paramount importance to the
crafts success, both in performance and economics. These materials take very heavy
pumshment as they are bounced over waves, dragged across sand, gravel and
concrete and are severely crumpled when the craft comes to rest. The main
considerations when selecting a skirt material are;

1. Strength.
2. Delamination resistance.
3. Wear resistance.
4. Fatigue characteristics.
5. Ease of manufacture.
6. Flexibility.
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Prior to leaving the manufacturing plant, skirt materials are subjected to a series of
standard tests. These tests generally assess:

1. Tensile strength
2. Tear strength.
3. Peel strength
4. Shear strength.

Of these, shear strength has least significance because the requirement for a high
degree of flexibility means that a load, which would produce shear in a stiff structure,
produces a combination of tensile and tearing loads in a flexible sheet. Figure 8.1
illustrates how the other three tests are carried out. All these tests are carried out on
a standard tensile test machine to BS 3424.

b. TEAR TEST

WIDTH CUT DOWN
TO 2 IN FOR TEST

c. PEEL TEST

(OELAMINATION)

Figure 8.1. Standard tests for material specimens. (Stanton Jones, 1968)
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Tear strength is more significant than the tensile strength as the tear strength is
limited by the tensile strength of the individual yams. Tear strength can be improved
by weaving two, three or even four yams together, the tearing load is then shared
between these strands. Another tear test, developed by Avon Technical Products and
used for heavier skirt materials, is the bird wing tear test. The specimen material is
cut as dimensioned in figure 8.2. It is then placed in a tensile test machine and pulled
at lOOmm/min, (Northern Rubber Company 1997). As the material is being tested the
yams closest to the tip of the notch fail in succession. The tear strength is taken as
the average of the first two tearing loads.

76mm

Figure 8.2. Specimen for the bird wing tear test, (Northern Rubber Co., 1997)

Peel strength is also very important, as it is a measure of the adhesion between the
fabnc and the coating and thus indicative of a good resistance to delamination.

Another test of significance to skirt materials is the abrasion test. Figure 8.3
illustrates how this test is carried out. The test arm operates at a frequency of 30
cycles per minute over blocks of various materials. The number of cycles required to
wear the material coating down to the fabric is used as a measure of the materials
abrasion resistance.
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Figure 8.3. Abrasion test, (Stanton Jones, 1968)

8.3 Specialised matenal tests
The test methods discussed in the previous section are static and have their greatest
value in quality control procedures. A problem with these tests is that their static
nature cannot accurately represent the complex dynamic skirt loads and thus should
not be relied upon to give a good indication of the life of a material when used on a
hovercraft skirt. Consequently all relevant material information initially came from
full-scale operational data However, this in itself did not provide accurate data, as
conditions were difficult to control. Much of the results were analysed subjectively
and the process itself was very time consuming and costly. Thus, the need to develop
test methods specific to hovercraft skirt materials was realised, (Mithchell, 1997).

Any specialised test should mduce the same types of damage and failure as would be
expenenced under service conditions. The test results should correctly rank the
matenals for useful service life. Laboratory test data, when correlated with service
performance, should permit reasonable predictions of service life expectancy.

The first laboratory testing of skirt materials was begun in 1967. Crago, (1967)
describes ultra violet radiation tests, car mud flap tests and a test, which involved
blowing wet air between two clamped pieces of skirt material. However, the results
from these tests yielded little of a conclusive nature.
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8.3.1. Fatigue test rigs
The presence of high frequency oscillations in water-laden air led BHC in 1968 to
develop a device to accurately simulate the delamination experienced by in-service
craft (Stanton Jones, 1968). The flagellator, as the test rig became known, used high
velocity airflow to induce rapid, flag-like, flapping of a sheet of specimen material
ngidly supported at the leading edge. In the BHC version, a blower forced air
through a rectangular channel at a velocity of approximately 60ms'V The test
specimen, approximately 400mm wide and 625mm long, was bolted to the mouth of
the blower and allowed to flap. Water spray was introduced through small holes in a
pipe at the fixed end of the specimen. BHC reported that materials, which perform
poorly in this test, perform poorly in service and materials which perform well,
or may not perform well in service, (Stanton Jones, 1968). A similar device was used
to evaluate bag material, but in this case the edge of the material was not allowed to
flap, but was looped in the form of a bag section. Both of these devices are illustrated
in figure 8.4.

Figure 8.4. Flagellation tests (Stanton Jones, 1968)
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A problem associated with flagellation tests was that as hovercraft became larger,
skirt materials had to be made thicker and thus became more rigid. A rigid material,
when placed in the flagellator, will tend not to flap as much, if at all, as a thinner
specimen. A greater amount of power was required to cause the material to flutter in
the flagellator. With this increase in power came an increase in the noise being
produced. In an attempt to overcome this problem, the Avon Technical Products,
manufacturers of skirt material for the worlds largest commercial hovercraft, the
SRN4, developed the finger wear simulation rig. It was designed to simulate the
damage found on the tips of worn fingers. The rig consists of a rotating boss on
which are mounted material samples. As the boss rotates the sample materials are
forced to strike a shelf The height of this shelf above the boss may be varied. The
shelf may also be coated with various materials. A water nozzle is fitted to allow a
spray of water to be applied to the material if necessary. This rig is shown in figure
8.5

Figure 8.5. Finger wear simulation test rig, (Avon Technical Products, 1997)
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Since the introduction of the flagellator a number of other methods have been
developed, all attempting to better simulate operational conditions. One such device
was the water jet flagellator developed in 1972 by Bell Aerospace Corporation. The
water flagellator consisted of a constant jet of water impinging on a flat specimen. A
flap of material approximately 50 - 70mm wide and 50m long was cut in the fi'ee edge
of a material sample, the other three sides being clamped. The angle between the
specimen flap and the water jet is adjusted until the flap vibrates. A diagram of this
arrangement is shown in figure 8.6

Figure 8.6 The water jet flagellator (Goodyear aerospace, 1972)

Later m the same year Goodyear developed and refined the water jet flagellator to
incorporate a rotating disc to cut off the water jet at high frequency, thus simulating
the intermittent nature of a real environment. The test specimen was configured as a
half cylinder of 200mm diarreter and 250mm long. The specimen face was held at an
angle of 18® to the vertical and was stabilised by simulated cushion pressure on the
inner face. This type of flagellator simulated repeated wave impact with a vigorous
flapping and return of the specimen to the original stabilised shape between impacts.
This rig is depicted in figure 8.7.
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Figure 8.7. The pulsed jet flagellator. (Goodyear aerospace Corporation, 1972)

A flex fatigue test rig designed to test the relative performance of various fabncs was
developed by the David W. Taylor Naval Ship Research and Development Center
(Schoppee et al., 1984). This rig was designed to subject specimens to a high
frequency cycle of curvature. The rig was built from a four-cylinder engine driven by
an electric motor. The cylinder head was removed from the engine and a stationary
centre post was ngidly suspended above each piston. A platform was attached to the
top of every piston and attached to each of these platforms were four brackets.
Material specimens were mounted between the brackets and the stationary centre
post. Thus each piston was capable of carrying four specimens. When the engine was
turned by the electric motor the pistons and attached brackets moved up an down
producing the high curvature deformation illustrated in figure 8.8.
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Figure 8.8. Cycle of curvature for specimen in flex-testing apparatus. Elements 1 - 3
give zero to maximum curvature and elements 3-5 give maximum to zero curvature.
(Schoppee et al., 1984)
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Although the Taylor rig did not simulate a hovercraft operating environment, the
results obtained regarding the construction of the reinforcing fabrics proved of great
importance as discussed in section 8.3.2.

8.3.2. Impact test rigs
As well as subjecting skirt materials to fatigue cycles, a number of rigs have been
designed to ^ply impact loads to skirt materials. The principal laboratory test
devices, developed for simulating finger impact with debris and obstacles, are the rod
impactor and belt impactor.

The rod impactor consists of beater rods attached to a variable speed, rotating shaft.
The beater rods strike candidate finger material. The finger specimens are stabilised
by a simulated cushion pressure. The test vanables include impact speed, shape of
beater rod, shape of finger model and temperature. A diagram of this rig is shown in
figure 8.9.

Figure 8.9. Rod impact tester.(Goodyear Aerospace Corporation, 1974)
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The belt impactor consists of a variable speed belt, on which is mounted an impacting
object. The finger specimens are cylindrical in shape and stabilised by air. The effect
of adjacent fingers can also be simulated. The shape, width and height of the
impacting objects can be varied. Other variable parameters include the impact speed,
temperature and size of the finger specimen The primary failure mode is abrasion of
the coating, followed by tearing of the fabric at fold areas generated at the outer front
edges of the cylindrical specimen after initial impact (Hochrein and Thiruvengadam,
1974). This rig is shown in figure 8.10.

'PCCIMCN HOLOeH

WAVE FORM
IMFACTINO OBJECT
MOVING BELT
VARIABLE SFEEO
DRIVE

Figure 8.10. Belt impact tester. (Kelly et al., 1976)

164

8.3.3. Wear test rigs
Some limited wear resistance evaluations have been undertaken to compare wear life
of skirt materials. These tests have been run on a standard or modified Taber wheel
abrader. In this test, a flat piece of material is rigidly mounted on a horizontally
rotated specimen holder and an abrasive wheel is vertically rotated against the
specimen (Prentice 1997).

A proposed wear test rig, developed by Vickers in 1965, is illustrated in figure 8.11.
This rig consisted of a variable speed abrasive belt, on top of which is placed a
hollow material sample holder (pallet). Water is pumped into the hollow in the pallet
to simulate the cooling effect of the cushions airflow. Loading the specimen pallet
varies pressure. No fiirther information has been sourced in relation to this rig so it is
unknown if it was ever manufactured or operated.
PALLET LOAOINC

PALLer COOLING

SPECIMEN UNDER

Figure 8.11. Proposed abrasion test rig, (Watts, McKay, Howels, 1965)
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The National Physical Laboratory developed a material wear test rig in 1970. This rig
consisted of a series of finger shaped samples attached in a circular fashion to a sheet
of plywood as shown in figure 8.12.

Figure 8.12. Material test pad, (Chalk, National physical laboratories, 1970)

The material specimens were fed with an air supply to simulate cushion pressure. The
inflated specimens were then oscillated back and forth over both concrete and
wooden surfaces. This oscillation was continued until the airflow increased by 75%, a
value chosen as a datum. A picture of the entire rig is shown in figure 8.13.

Figure 8.13. Wear rig, (Chalk, National physical laboratories, 1970)
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8.3.4. Large scale test rigs.
Large test devices have also been proposed and built over the years. These rigs
consist of full-scale skirts, which can be driven over varying terrain. The advantage of
these rigs is that conditions such as, cushion pressure, velocity and operational terrain
can be more accurately controlled and monitored than they could be in operational
service. One of the more popular large-scale test devices is the whirling arm This
consists of a large rotating arm onto the end of which is fixed a full-scale specimen of
the skirt material to be assessed. Generally the skirt is rotated inside a channel.
Various types of material can be placed in this channel such as sand, gravel, concrete,
ice and even water. Figure 8.14 below shows a drawing of a proposed British
Hovercraft Corporation whirling arm test rig.

Figure 8.14. Proposed whirling arm test rig, (British Hovercraft Corporation 1966)
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8.4. Scaled & accelerated testing.
As modeling and scaling is an approach widely used in aerospace and naval
architecture, it is one, which would be naturally considered for hovercraft skirts.
Scale modeling is widely used in the study of hovercraft dynamics. However, the
scaling of skirt materials is not as straight forward. The main reason for this is that it
is extremely difficult to geon^trically scale textile structures. In order to accomplish
this, it would be necessary to scale filament size, yam dinear, twist and yam count.
Thus scale modeling is not a practical option.

Textile elastomer composites possess certain properties, which make it particularly
difficult to adapt accelerated laboratory tests designed to evaluate large-scale
products in service. Among these difficulties is the problem of insuring correct
distribution of bending and membrane stresses in small-scale models. Textile mbber
composites suffer significantly from internal heating due to the character of the textile
and more so the rubber. These temperature rises may be, and often are, sufficient to
substantially degrade the fatigue life of the material. Thus, the use of small-scale
accelerated tests is a very difficult and uncertain approach.

8.5. Material test rig deficiencies
While the previously mentioned test methods have gone a long way to aid the
understanding of material failure, each have their limitations. There is no correlation
between life on the air or water flagellator and time on an operational craft. Similarly,
there is no correlation between abrasion test data and service life. Thus, these are
useful as comparative tests only. The rod impactor has a major deficiency in that it
produces, essentially, a point or line impact on the finger specimen, whereas the
impacts received by a finger in service are usually due to obstacles. These obstacles
are wider than the fingers and generally produce different failure modes. The tearing
of the fabric in the belt impactor is directly related to the cylindrical geometry of the
of the test specimen, indicating the basic deficiency of this test method. A second
deficiency of this device is the possible build-up of heat generated by the high
frequency impact, which may distort results.
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The common problem with all of the above methods is that they do not simulate
closely enough the conditions experienced by an operational skirt. The rn^or
components lacking in each of the rigs are: the presence of true cushion pressure and
air flowrate, true fixity of the material, the interaction between adjacent fingers and
an accurate simulation of the terrain being traversed. The larger rigs, though capable
of more closely simulating operational conditions are beyond the scope of many
hovercraft manufacturers due to the very high initial cost and the high costs
associated with their operation and maintenance.

8.6 Summary
The form of finger failure, laboratory methods to simulate failure, and the solution for
its elimination have consumed a large part of skirt development efforts around the
world for the last 35 years. However, in certain quarters, it is still believed that to
attempt to simulate the failure modes in a laboratory is pointless and that only fullscale operational craft data will provide the needed design information (Mitchell
1998).

Laboratory tests can play an important role in the process of improving skirt life. If
properly used, tests may permit selection of the optimum materials with the minimum
amount of field testing and verification. While this is the goal of laboratory tests, the
nature of the materials used to fabricate skirts and the end use environment are so
complex that, at present, test rig failure rates do not correlate well with in-service
failures. The majority of test rigs attempt to simulate a single mode of failure, thus
eliminating the interaction between the skirt and its true operating environment.

There is a great need for acquisition of further field test data. Test data must be
accumulated under well documented conditions. Only then can confidence grow
concerning the use of laboratory experiments in material selection.
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CHAPTER 9
DEVELOPED MATERIAL TEST RIGS
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9.1 Introduction
The previous chapter reviewed the most popular material test rigs and outlined their
limitations. This chapter outlines the operational conditions, which a laboratory test
rig must be capable of simulating in order to obtain realistic test results. Two test
rigs, designed to simulate the over-water operation of the Crossbow, are introduced.
During normal operation, the Crossbow encounters waves of a certain frequaicy and
amplitude. A study into wave motion is undertaken in order to isolate the relevant
amplitude and frequency ranges. Once these ranges are isolated the magnitude and
frequency of skirt loading may be simulated. The methods used to simulate the
interaction between skirt components, cushion pressure, airflow, craft velocity,
loading frequency and amplitude are explained. A set of twenty-six engineering
drawings and complete component ordering information is appended.

9.2 Test rig requirements
The ideal skirt material test rig must be capable of accurately simulating all the
conditions experienced by an operational craft. These include:

1. True fixity of all skirt components.
2. Actual cushion airflow.
3. Actual cushion pressure
4. Correct loading frequency.
5. Correct loading magnitudes.

The testing of skirt materials, in the same configuration as they have been designed to
operate, produces an interaction between the various components, mimicking any
interaction occurring in-service. Factors such as; the effect of adjacent fingers,
causing wear and an increase in temperature due to frictional contact; stress
concentrations due to fastening points, the cooling effect of the air and/or water and
the presence of the loop can be more easily modelled. To date, this type of
interaction, in small-scale test rigs, has only been approached by such rigs as the
pulsed jet flagellator and belt impact tester. However in both cases, the held specimen
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has a much higher rigidity than an actual skirt finger. In the belt impact tester, the
effect of adjacent fingers is not accurately reproduced, as only line contact results
from the attachment of additional cylindrically shaped segments.

Other important considerations are the cushion airflow and pressure. The air, flowing
from beneath the fingertips, controls the frequency and amplitude of finger flutter.
The rate of material delamination and heat generation is affected by the amplitude and
frequency of the flutter, which is generated by the air flowing out from beneath the
cushion (Buckley et al., 1973). Hence by controlling the airflow the correct amount
of flutter can be set. The cushion pressure also has an effect on delamination, as it
controls the low frequency flagellation of the fingers after deflection by an obstacle.
The greater the cushion pressure, the greater will be the restoring force and
amplitude of flagellation. However, the cushion pressure not only controls
flagellation. It also affects the stresses within the skirt system and can increase wear
rate by increasing the normal force between abrasive obstacles and the skirt material.

The final two factors of importance are the loading frequency and loading magnitude.
The rate, at which loads are applied, has a dramatic effect on the life of a material.
Increasing the frequency of impact reduces the temporal material life (Prentice 1997).
The heat generated at higher frequency loading degrades the mechanical properties of
the material, particularly the elastomer coating (Prentice 1997). If the frequency of
loading is doubled, material life generally reduces to significantly less than half. The
magnitude of these loads is also important as they contribute to the amount of
energy, which must be absorbed by the material.

Environmental factors, though of secondary importance, can also be controlled in a
test ng. However the m^ority of environmental factors, which effect skirt material,
such as ozone, oxidation and chemical contamination are well known and are
generally tested by the matenal manufacturers. One factor of significant importance is
test temperature.
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It is the authors opinion that no single, small scale, test rig is capable of simulating all
the operating conditions experienced by a hovercraft skirt. For this reason, the design
methodology for two separate test rigs will be introduced in the following sections.
The first rig is designed to simulate conditions experienced by the bow and stem
sections of a craft operating over water. The second will simulate the over water
conditions experienced by the craft side section.

9.3 Bow & stem simulation
The bow and stem simulation rig consists of a water filled test tank, one side of
which will be transparent to better aid viewing of the simulation process. The tank is
to be filled to half height with water. A full-scale section of either the Crossbows bow
or stem hull and skirt is fiixed at a specified distance above the water level. A fan is
used to feed air through a duct and into the cushion to provide the required airflow
and pressure. An intermittent jet of water is then applied to the inflated skirt section.
To accurately control the loading magnitude, the water jet is applied at craft
velocities. Controlling the rate, at which the intermittent jet impacts the skirt
specimen, varies the loading frequency.

9.3.1 Hull and skirt sections
In order to accurately replicate the actual skirt system, full-scale bow and stem
sections of the Crossbow hull have been designed. Attached to one side of the
relevant hull is a section of the loop, five fingers and the required ties. The other
three sides of the hull are blanked off*. The blanked off* sides extend below the still
water level (SWL), thus reducing the exit area and the amount of airflow required to
produce the necessary cushion pressure. Fully dimensioned engineering drawings of
these hulls have been produced and are included in appendix D4.
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9.3.2 Airflow and cushion pressure.
When on cushion, the Crossbow has a hover-gap of 15mm. In the test ng, the air
from the fan is not used to lift the test hull section. Instead, the hull will be rigidly
fixed to the water tank and the level of the water adjusted to maintain the hovergap at
a constant level.

The cushion exit area cam be expressed as:

A,=Hg.Lp

(9.1)

Where:
A,; = exit area (m^)
Hg = hover-gap (m)
Lp = length of skirt perimeter (m)

By substituting equation 9.1 in equation 2.10 and rearranging, it is possible to express
the hover gap in terms of cushion pressure (Pc), air flowrate (Q), air density (p), skirt
penmeter (Lp), and escape loss coefficient, IQ.

2P„

KL.

(9.2)

P

and per unit length of skirt hemline, this becomes:

Q
K.

[2P„

(9.3)

As previously discussed in section 2.4, the cushion pressure is sufficiently small that
density may be assumed to be constant. By using a full-scale section of the skirt, Ke,
the escape loss coefficient, will thus be equal to that of the actual skirt system and by
ensuring that the hover-gap on the test rig is equal to that of the Crossbow, the only
variables, vriiich remain, are the cushion pressure and flowrate. Thus by controlling
the air flowrate into the cushion, the correct pressure can be produced.
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The skirt sections, both bow and stem, consist of five fingers and an equivalent
length of loop section. Applying equation 2,11 along the length of the five fingers of
the test section, the airflow, (Q), required for each hull section is calculated by
substitution;
Ke = 0.69
Ae = Hg X 4 = 0.015 x( 0.105 x 5) = 0.007875 (m^)
Pc max = 737 (Pa)
p = 1.225 (kg/m^)

2(737)
Q = 0.69 ♦ 0.007875^ = 0.188m^ / s « 680m" / h
V 1.225
Air IS supplied to the cushions by a centrifugal fan. The fan is capable of supplying
the requisite airflow at a pressure of 737Pa The fan is furthermore capable of
operatmg at an even higher duty, thereby enhancing the versatility of the rig.
Comprehensive details of the fan, including ordering information, technical
specifications, performance curves and dimensions are given in appendix 3.

A flexible duct is used to transmit the air fi-om the fan to the solid inlet duct of the
test hull. Variation of the size of the fan inlet controls the airflow to the cushion. A
lever operated iris damper is used to achieve this variation. Thus control of air
flowrate and hence cushion pressure is achieved. A U-tube manometer is used to
monitor the cushion pressure. A tapping point for a manometer is placed on the top
of each test hull. The configuration of the two hull sections, with skirt, inlet ducts and
manometer tappings are illustrated in figure 9.1.
INLET DUCT

INLET DUCT

Figure 9.1. Bow and stem test hull sections.
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9.3.3 Over water velocity
Variation of the speed, at which a jet of water impacts on the fingers controls, the
magnitude of the loads on the skirt fingers. A jet of water is applied to each of the
five fingers via five individual nozzles. The nozzles, through which the water passes,
are specially designed to produce either a water jet, spray or combination of the two.
The nozzles are used in an intermediate position to produce an impact area, which
covers the entire width of each finger. If a simple nozzle is used, a small area of
impact results, as may be seen in the water jet flagellator of figure 9.6. This smaller
impact area causes localised wear and tends to indent the specimen rather than move
it as a whole, thus reducing the accuracy of the simulation. A cross-sectional drawing
of the nozzle, in the jet/spray position, is given in figure 9.2

/iz:

Figure 9.2. Water nozzle in the jet/spray position.

The cruising speed of the Crossbow has been quoted as being 35knts, (65 km/h)
(Hovering Craft & Hydrofoil, 1974). A similar speed was quoted by Air Cushion
Review (1974). In section 2.6.6 the Crossbows maximum velocity was calculated to
be 58 knots, for simplicity a figure of 60 knots has been selected as the maximum
speed at which the water jet will impact the specimen fingers. When operating in the
jet/spray mode each nozzle has an outlet area of approximately 113.88X10'^ m^.
Therefore five nozzles will have a maximum area of 569.4x10'^ m^. Thus to obtain a
water impact at up to 60knts (30.87ms'’), a pump capable of producing a flowrate of
17.581t/s is required. The pump feeds a single header, which in turn feeds water to
each of the nozzles via flexible hosing. A flow control valve is located between the
pump and each nozzle and a flowmeter is placed ftirther down stream Figure 9.3
displays the general layout of this water control system Once each nozzle is adjusted
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to provide the correct impact area, the nozzle is locked in that position. By taking an
accurate measurement of the nozzle outlet area, the required outlet velocity can be
set by varying the water flowrate. The flowrate is set by varying each flow control
valve and monitoring each flowmeter in turn.
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Figure 9.3. Valves and flowmeters used to control water jet velocity.

Through utilisation of analysis software supplied by a prospective pump vendor, ABS
Pumps, the frictional flow resistance of the pipe system was evaluated. The software
required inputs such as: desired flowrate, pipe material, pipe diameter, number and
type of bends, shape and size of transition pieces, valve type and the resistance of any
other fittings, such as the flowmeters and nozzles. A fiictional flow resistance of
41.1m resulted, which when combined with the static head of zero, gave a total head
of 41. Im of H2O. The output window of this analysis software is shown in figure 9.4.
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Figure 9.4. Input/Output window of the frictional resistance evaluation software.
(ABS Pumps 1998)

Once the frictional resistance and maximum required flowrate are established, an
operating point is available for the selection of a suitable pump. Using more software,
supplied by ABS Pumps, a number of suitable pumps were selected for the
application at hand. This software grades each pump by it’s efficiency at the given
operating point. However, in this case, the system works over a range of operating
points as the velocity of the water jets are varied. Therefore efficiency is not the most
important factor in the selection of this pump. The pump selected is the NB 100/6520 manufactured by ABS. This pump is smaller in size, but only two percentage
points less efficient than the software’s first choice. More importantly, the operating
point lay well within this pumps operational range, which is shown in the upper green
area of the graph of figure 9.5. Thus, any errors, which might have occurred in the
evaluation of the fiictional resistance, will not affect the test rigs performance.
Comprehensive details on this pump are given in appendix 4.
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Figure 9.5. The operational range of the NB100/65-20 pump (ABS Pumps 1998)

9.3.4 Wave simulation
The theory of wave generation was, in the past, based on the ideal form of cycloidal
movement, (Minikin 1963). The particles of water, near the surface and for some
limited distance below, were assumed to follow circular orbits. However, with the
further collection of data over the years, it has been found that the ideal sea wave is
more trochoidal than cycloidal (Minikin 1963). Instead of the particles of water
moving in the path of a given point on the perimeter of a rolling circle, the particles
move in the path of some point on the perimeter of a concentric circle of lesser
diameter. This trochoidal motion is illustrated in figure 9.6
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Figure 9.6. The trochoidal shape of a standard wave. (Minikin 1963)

From figure 9.6 it may be seen that half of the wave length is above SWL and half
below. Thus, for a craft with a hover gap of only 15mm, it is safe to assume that the
time spent in contact with a wave is equal to the time spent passing over a trough.
The assumption of a 50/50 ratio between wave “contact” and “no contact” begins to
lose validity as the wave heights reduce. Using the wave form in figure 9.6, a
graphical analysis of the smallest impacting wave, i.e. 66.3mm, was carried out and
yielded a “contact” to “no contact” ratio of approximately 43:57. However, at this
wave height, the impact fi'equency is a much more dominant factor than the impact
duration. Thus, for practical purposes the impact duration remains at 50%.

The nozzles, which apply the variable velocity water jets to the skirt fingers, are fixed
to the lower end of a vertical plate. This plate is pivoted at its centre point and by
rocking it about this point, the water Jets may be directed at or away fi'om the fingers.
The plate is rocked by means of a pair of cams. This concept is illustrated in figure
9.7
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CAM
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JET IMPACTING

JET NOT IMPACTING

Figure 9.7. Utilisation of the rocking plate to simulate wave impact.

To simulate the wave shape more accurately, the cam is designed to cause the water
jet to rise up along the finger at the same rate as the water contact height increases,
as the finger passes through a wave crest. This is achieved by designing the cam to
have a displacement profile, similar to the top half of the trochoidal wave given in
figure 9.6. The overall wave height can be varied by moving the centre of rotation of
the cam towards or away from the plate. The trochoidal motion of the water jet up
the finger face is still reproduced, however, the further away the cam is from the plate
the smaller the wave amplitude becomes. Thus, control of wave height is achieved.
The cam profile is illustrated in figure 9.8. This particular cam has been designed to
take a 19mm roller follower and rotates on a 35mm shaft.

Figure 9.8. Wave simulation cam
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9.3.5 Wave loading frequency
When the Crossbow is travelling over water, the skirt fingers experience intermittent
impact as they push themselves through wave crests and then pass untouched over
troughs. The frequency of these impacts is dependant on the relative velocities of the
craft and the waves and the frequency of the waves themselves.

When operating on water, the maximum wave height that the Crossbow can operate
over is taken to be 300mm, it’s hoverheight. Waves, higher than 300mm, make
contact with the hard structure causing discomfort to passengers. The wave-height
restriction causes the cancellation of many hovercraft ferry crossings. This maximum
wave height assumption does not hold true when operating over very long waves, as
the craft will tend to lie between wave crests or either ascend or descend a crest.
Thus, a crest will rarely make contact with the craft hull. However for the purposes
of determining the maximum impact frequency, the assumption is valid.

Sorensen, (1993), expresses wave steepness as;

Steepness =

Wave Height
Wave Length

(9.4)

The maximum steepness that a water wave may have is 0.1418, (Stokes 1847). Thus
a wave can not have a length to height ratio less than 7.052. Otherwise, the wave will
“break”. Average sea waves have a length to height ratio of between 12 and 40,
(Minikin, 1963). Minikin gives the speed of a wave as:

IgL , 2njdL^
'^-tanh-----^
(9.5)
Where;
C = Wave velocity (ms'*)
dw = wave depth (m)
Uv = wave length (m)
g = acceleration due to gravity (ms-^)
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In deep water, where the depth of the water is greater than twice the wave length, the
second term of equation 9 4 tends towards unity and the wave attains it’s maximum
velocity, (Sorensen, 1993), Wave velocity, in deep water, can thus be written as;

(9.6)

C =

The minimum length of a 300mm high wave is 2. Im and this wave has a speed of
1.82ms'V Taking the maximum length as being 12m, i.e. 40 times the wave height,
the wave has a maximum speed of 4.3 2 ms'Now the frequency of these waves is
given by;

Frequency =

Speed
Length

(9.7)

The frequency of the shorter wave is 0.86 Hz and that of the longer wave is 0.36 Hz.
Figure 9.9 displays the variation of wave frequency with wave length, for a 300mm
high wave, for wave length ranging from 2.1m to 12m, i.e. waves with length to
height ratios of between 7 and 40. From figure 9.9, it may be seen that shorter waves
will have a greater effect on skirt life as they produce higher impact frequencies.

Figure 9.9. The variation of frequency with wave length for a 300mm wave
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For a craft with a hovergap of 15mm, it is to be expected that the minimum waveheight , which would deflect the fingers, is 15mm This, however does not occur in
reality. When a wave breaks against the shore or a pier, energy is released, sometimes
with devastating effect. However when a wave strikes a body without breaking, the
only force it transmits is hydrostatic. The maximum pressure due to this wave occurs
at still water level and is equal to pgH; that is the hydrostatic pressure due to a wave
of height H, (Minikin, 1963). The unladen Crossbow with one passenger and a
minimal amount of fuel weighs approximately 700kg This load produces a minimum
cushion pressure of 516Pa. For a wave to deflect the skirt finger at this pressure, it
must exert a hydrostatic pressure greater than this cushion pressure. Otherwise, the
wave is simply brushed aside. The minimum wave height required to move the finger
tip is given by;

PS

(9.8)

Where:
Hmin = minimum wave height (m)
Pcnrin = minimum cushion pressure (Pa)
Ps = density of salt water (kgm*^)
g = acceleration due to gravity (ms'^)
Hg = hovergap (m)

The density of salt water (ps) is used, as fresh water producse a slightly higher wave
height and hence a lower frequency. The height of the hovergap (Hg) is included as
the wave must be above this height before it contacts the skirt. Using formula 9.8,
taking a cushion pressure of 516Pa, a salt water density of 1025kg/m^ and a hover
gap of 0.015m, the minimum wave height required to disturb a skirt finger is
66.3mni As the largest frequency is associated with the shortest wave, then only the
speed of a 468mm (66.3*7.05) wave is calculated. This wave has a maximum speed
of 0.86ms'* and a maximum frequency of 1.83Hz. When travelling over waves, the
maximum impact frequency occurs when travelling at maximum velocity and in the
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opposite direction to small short waves. The impact frequency, (f), for a craft
travelling over waves is given by;

(9.9)

V is the craft velocity, Lw is the wavelength and fw is the wave frequency. For a craft
travelling at 60knts (30.86ms'’) against the shortest waves (0.468m), the wave
impact frequency is 67.78 Hz. At high speeds and over short waves, the effect of the
frequency of the waves themselves is negligible. If the wave in the previous example
is considered stationary, the impact frequency reduces to 65.95Hz. From the above
calculations, it may be seen that the water jets from the nozzles must be capable of
impacting the test fingers at frequencies of almost 70Hz.

For the water Jets to achieve impact frequencies of 70Hz, the camshaft must be
capable of rotating at speeds of up to 70 r.p.s. The shaft speed is controlled by using
a variable speed electric motor. This motor is required to have sufficient power to
turn the shaft at 70 r.p.s. against the resisting fnctional force between the rocking
plate and the cam.

The forces, acting on the camshaft, consist of shaft weight, acting vertically
downwards, and the force due to the water jet and springs, which press the rocking
plate against the cam The jet/spring force is the normal force, pressing the stainless
steel cam against the aluminium plate, and results in an additional fiictional force. The
total torque, to be supplied by the motor, is the sum of the torque required to turn the
shaft against this fiictional force and the torque required to turn the shaft against the
fiiction in its bearings, due to the resultant force of the plate pressing against the shaft
and the shaft weight itself The maximum resisting torque occurs when the cam is at
it’s maximum displacement and, hence, the fiictional force is acting at it’s largest
radius. These forces are illustrated in figure 9.10.
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Figure 9.10. Forces acting on the camshaft.

The shaft and the cams have a mass of 5.4 kg and therefore a weight, (W), of
approximately 53N.

The maximum force, (Fj), due to the jet of water is given by the product of the
maximum mass flowrate, (^), and maximum velocity, (V);
Fj=riiv

(9.10)

= 17.58(30.87) = 542.7N
The maximum force due to the springs, (Fs), which are located at the bottom comers
of the plate, is the product of the maximum spring extension, (e), and the spring
stiffliess, (k). Each spring has a stiffiiess of 0.17N/mm and a maximum extension of
126mrrL The maximum force is thus:
F, = ek

(9.11)

= 2(0.17)(126) = 42.84N
To achieve the required extension, using readily available springs, two springs are
used in series, thus a total of four springs are required. The spring force acts on the
lower comers of the rocking plate. Comprehensive details of the springs are given in
appendix 5. The total force due to the springs and the waters Jet is 585.84N.
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The resultant force, (Fr), due to the shaft weight and the jet/spring force is;

Fr = V(f, + F.)'+W^
(9,12)
= V585.54"+53^

=

587.93N

The shaft will rotate in bearings, which have a coefficient of fiiction, (|Lib), of 0.0013
(NSK rolling bearings). The torque is required to overcome friction in 35mm and
32mm diameter bearings. For simplicity, an average bearing diameter of 33.5mm was
used. This torque, (Tb), is given by;
Tb = F,pt>R

(9.13)

= (587.93)(0.0013)(16.75X10'^) = 0.00128Nm
Where;
R = Average shaft radius (m)
A simple friction experiment was undertaken to obtain the coefficient of fiiction, (p),
between the stainless steel cams and the aluminium rockmg plate and yielded an
average result of 0.294 . The results of this experiment are given in table 1.

Table 1. Coefficient of fiiction for Aluminium on Stainless Steel.

Normal Force (g)
120
170
220
270
320
370
420
570

Frictional Force (g)
40
50
65
75
95
100
120
170

Coefficient of Friction (p)
0.333
0.294
0.295
0.278
0.297
0.270
0.286
0.298

Average

0.294

The fiictional force (Ff) is thus;
F, =a(f, + F.)

(9.14)

=(0.294X585.84) = 172.237N
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The firictional force acts at a maximum radius of 56.5 mm and hence the resisting
torque, (Tf), is;
Tf = FfR„«,

(9.15)

= (172.237)(0.0565) - 9.73139Nm

Where:
Rmax = Maximum cam radius (m)

The total torque, (Tt), which the motor must supply, is the sum of the torque required
to overcome friction in the bearings, (Tb), and the torque required to turn the cam
against the plate, (Tf).
T, = Tb + Tf = 9.744Nm

(9.16)

From the above result, it can be seen that the resisting torque, due to the friction in
the bearings, is negligible in comparison to that due to the cam turning against plate.

The total torque is required at speeds of up to 70 r.p.s., so the motor must have a
power, (P), of
P = 27cSrT,

(9.17)

= 27c(70)9.744 = 4.285kW
Where;
Sr = Speed of rotation (Hz)

The cam is designed to operate with a 19mm roller follower as opposed to a flat
plate. By fitting rollers onto the plate, as shown on figure 9.11, two additional
advantages are acquired. The presence of the rollers reduces wear on the cam but,
more importantly, they also reduce the coefficient of friction between the cam and
plate. This reduction in fnction acts as a factor of safety and ensures that the electric
motor IS not underpowered. Further information on the motor and speed controller is
given in appendix 6.
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Figure 9.11. Cam with roller follower to reduce friction and wear.

9.4 Side skirt simulation
A number of similarities exist between the rig designed to simulate wave impacts
along the side of the Crossbow skirt and the bow and stem test rigs. The side skirt
test rig consists of a water filled test tank, which has a transparent side to aid viewing
of the simulation process. Again, to produce an accurate simulation, a full-scale
section of hull and skirt is designed and is mounted in the test tank. The main
differences between the two rigs are one is the methods used to control the wave
loading and impact frequency.

9.4.1 Hull & skirt sections
The hull section is produced from 19mm marine plywood. Five fingers and an
equivalent length of loop are attached to the hull. The ends of the loop are blanked
off with a section of loop material. An airtight seal is ensured and the natural
movement of the loop is not be effected due to the flexible nature of this material. A
second seal is also fitted between the hull and the first and last fingers of the skirt
section. The seal is designed to reduce air loss between the plywood hull and the
fingers. The seal is produced from a section of finger material and is attached to the
hull and fingers by Velcro. The seal, when fitted to the test hull, does not directly
bridge the gap between the finger and the hull. The seal loops over the gap in a large
arch so as not to restrict the movement of the fingers on water jet impact. The upper
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side of this arch is pinched and sealed closed by Velcro. The bottom of the seal
remains open. This opening marginally increases the cushion air loss. A diagram of
the hull, skirt sections and seals is shown in figure 9.12.

Figure 9.12. Side skirt test hull.

9.4.2 Cushion & velocity simulation.
Like the bow and stem hulls, the side skirt test hull has five specimen fingers.
Therefore the fan, used for the bow and stem hulls, is similarly used to feed the
cushion in this hull. The three wooden sides of the hull extend below the water
surface, so cushion air can only escape tfom beneath the fingers. Air flow and hence
cushion pressure will be controlled by means of an iris damper on the fan inlet.
Cushion pressure is set with the aid of a U-tube manometer.

In this rig, one large nozzle is used to apply a single water jet to the specimen skirt
section. The nozzle selected is a Vz (12.7mm) fire fighting nozzle, which produces a
narrow spray pattern capable of impacting the entire face of the finger. The nozzle is
fixed to the inside of the test tank. The nozzle supporting test tank wall is produced
from a double layer of plywood. As water leaves the pump, it passes through a
flowmeter, a length of flexible fire hose and a flow control valve before it reaches the
nozzle. By operating the flow control valve, the flowrate may be varied and thus the
velocity of the water jet is controlled. A diagram of this configuration is shown in
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figure 9.13. Further information on the nozzle, control valve and fire hose as well as
the flowmeter is given in appendix 7.

The nozzle has an outlet area of 126.67 X 10'^ m^. The flowrate required to produce
a jet velocity of 30.87ms'' is 3.91s''. Again utilising the pump selection software
supplied by ABS, the pipe flow losses were calculated and, when combined with the
required flowrate, a suitable pump was selected. The pump chosen was the NB65/5016, The operating range of this pump is shown in the lower shaded area of figure
9.14. Full details of this pump are given in appendix 4.
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9.4.3 Wave impact simulation
A method, very similai to that employed in the pulsed jet flagellator, shown in figure
9.7, IS used to produce the intermittent water jet required to simulate wave impact. A
semicircular rotating plate is rotated in fi-ont of the water jet and used to deflect the
water jet away fi’om the skirt and thus simulate the wave on the fuU-scale craft. A
diagram of the plate is shown in figure 9.15.

Figure 9.15. Water jet deflection disc.

To balance the rotating disc and reduce loading and vibration on the bearings, a
balance weight is welded to the “open” side if the deflector plate. This balance weight
has outer and inner diameters of 240mm and 129mm respectively and is of 10mm
thickness. These dimensions produce a volume of material equal in weight to the
material removed from the disc to allow the passage of the water jet.

The torque required to rotate the shaft and deflector disc into the water is calculated
to be of relatively small magnitude due to the low radial loads being placed on the
rotating shaft. The shaft and disc together weigh approximately 57N. By applying
equation 9.10 the axial load in the shaft due to the water jet, (Fa), is calculated to be
120N. An angular contact bearing at the disc end of the shaft resists the axial load
and converts it to one of radial nature. The bearing selected has a contact angle, (a),
of 30", see figure 9.16. This contact angle produces a radial load, (Fr), of
FR = FATana

(9.18)

= 120Tan60 = 207.8N
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^ Contact
t angle

Figure 9.16. Angular contact bearing and contact angle. (NSK roller bearings 1989)

The angular contact bearing has a coefficient of fiiction, (^b), of 0.0015 (NSK roller
bearings 1989) and carries a load, (W), equal to half the shafts weight plus the radial
load due to the water jet. This produces a fhctional force, (Ff), of
W

(9.19)

57
— + 207.8 = 236.3 N
2
This force is applied at a radius of 12.5 mm, producing a torque of only 0.044Nm
The second bearing has a coefficient of friction, (p*), of 0.0013 (NSK roller bearings
1989) and carries a load equal to half the shafts weight. This load acts at a radius of
15mm, producing a torque of 0.0056Nm. The total torque to be overcome is just
0 04987Nm. Thus, for simplicity, the smallest motor, whose speed can be controlled
by a similar frequency inverter, as controlled the speed of bow and stem test rigs
motor, is selected. This is a 3-phase 0.75kW 4 pole motor. Further information on
this motor is given in appendix 6. A complete set of engineering assembly and part
drawings for the manufacture of this second rig are given in appendix D4.

9.5 Summary
Test rigs already exist, which can produce similar wear and failure patterns as occurs
on an in-service skirt. However, material lives on these rigs do not correlate well with
the lives of materials on actual hovercraft. When designing a material test rig, it is
important to investigate all relevant factors, which influence the full scale in-service
skirt and then simulate these as accurately as possible. In this chapter, the main
forces, which affect a hovercraft skirt, have been examined and the methods used to
simulate them have been outlined. Two test rigs have been designed, one to test skirt
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materials from the bow and stem of the Crossbow and another to test a section of
skirt from the side of the craft.

To accurately simulate the interaction between all the components of the Crossbow
skirt, the test sections from the bow, stem and side of the craft are to full scale. Thus
accurate skirt component interaction is assured. Cushion pressure and air flowrate are
also accurately controlled. Accurate control of this cushion pressure ensures that the
forces acting on the inflated test section are similar to those on the full-scale craft. By
maintaining the correct airflow, the flutter and flagellation experienced by the skirt
fingers is similar to the Crossbow. Application of a water jet or jets to the specimen
skirt at the desired velocity simulates craft speed. Finally a study was carried out into
wave dynamics. The frequency at which the Crossbow impacts waves of a certain
height and length was calculated, a maximum impact frequency being set at 70Hz.

A set of 26 detailed engineering drawings for these test rigs are produced, see
appendix D4. Detailed information on the required fan, water pumps, springs, electric
motors and speed controller, fire hoses and valves are given in appendices 3-7
respectively. Further information flowmeters and flexible couplings is included in
appendices 8 and 9 respectively.
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CHAPTER 10
CROSSBOW RE-DESIGN OVERVIEW
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10.1 Introduction
This chapter gives an overview of the rn^or design sub-sections involved in the re
design of the ABl 1 Crossbow hovercraft. The chapter outlines the main aspects in
the re-design of the lift & thrust systems, the design and manufacture of the new
lightweight high efficiency transmission system, the cooling & tuned exhaust
systems, the replacement of the Crossbow chassis, the fitting of the air lubrication
system and the design of the new skirt, using the specially developed software.
Figure 10.1 indicates the location, on the craft, of the aforementioned areas of
interest including their section number in this chapter.

Figure 10.1. The location and section number of the re-designed areas of the
Crossbow.

10.2 Lift & thrust systems
The original Crossbow hovercraft utilised an integrated system to provide both lift
and thrust. To minimise structural changes, a similar system is reinstalled in the
hovercraft. Integrated systems are cheap and, mechanically, are the simplest to
install, with just one engine driving a single fan. Approximately one third of the
airflow is ducted beneath the craft to provide lift with the remainder being used to
provide thrust.

Unfortunately, integrated systems can sometimes have a low efficiency due to the
differing requirements of lift and thrust fans. A lift fan should provide a continuous
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supply of air to the cushion to maintain the pressure and replenish the air being lost
from beneath the skirt. To maintain airflow to the lift duct, lift fans require a large
number of blades. Thrust fans, on the other hand, require a large pitch angle to
produce the thrust necessary to propel the craft. With integrated systems, a problem
arises due to the fact that, for a given engine power, fans with a large number of
blades must have a low pitch angle or, conversely, fans with large pitch angles may
only have a small number of blades. Therefore, it is necessary to compromise
between blade number and blade pitch angle when selecting a fan for an integrated
system. This compromise sometimes causes a reduction in efficiency.

Design software is employed in the selection of the new Crossbow fan. The new fan
has 12 glass reinforced polyamide blades, which are mounted in an aluminium alloy
hub with each blade having a pitch angle of 50^\ Each blade may be individually
replaced allowing for simple and inexpensive maintenance. The large number of
blades and the high pitch angle produce a fan arrangement, which satisfies the
requirements of both the lift and thrust systems. With the selected fan there is also
the ability to adjust the pitch of the blades and to even remove a certain number of
blades. These factors greatly increase the future testing capabilities of the fan

Classic fluid dynamic techniques are employed in the calculation of the lift system
airflow. At maximum power the lift system receives 20.25% (6.14m^s'^) of the total
airflow available. The remaining air is used to provide thrust.

A flow loss analysis of the Crossbow ducting predicts an available static thrust of
1523N. However, thrust is inversely proportional to craft velocity and as the
hovercraft accelerates, the available thrust reduces. This is an important fact in
predicting overall craft performance.

In overland operation, the Crossbow experiences three different types of drag:
frictional drag, momentum drag and form drag. Frictional drag depends on the
operating surface and is constant for that surface. Momentum drag is proportional to
craft velocity and lift airflow. Form drag is the most significant of the three as it is
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proportional to the square of craft velocity. In overland operation the maximum
speed is calculated to be 53.5 knots (61.5mph). Li calm water operation, the
Crossbow experiences momentum drag and form drag and at lower speeds it
experiences hump drag (wavemaking drag) as it attempts to climb over its bow
wave. Maximum speed over calm water is calculated to be 58 knots (67mph). In
rough water, the craft experiences an additional drag force due to excessive contact
between the skirt and the waters surface. This rough water drag has a significant
effect on craft performance, as it is proportional to the square of craft velocity. In
rough water, the crafts speed reduces to 33 knots (38mph).

10.3 Transmission system
Initially, the Crossbow was fitted with the 135 HP powerhead from a Johnson
outboard engine. The engine, currently fitted to the Crossbow, is a Johnson 175hp
outboard power-head, which delivers maximum power at 5000rpm. The original fan
was coupled directly to the engine flywheel and ran at engine speed. This particular
mounting method, though extremely simple and efficient, has a number of
disadvantages. The most obvious problem was the very large amount of noise
produced by a fan running at such high speeds. The fan reached tip speeds of up to
230ms'\ The bearings in the engine were not designed to take the type of gyroscopic
loads placed on them by the addition of the fan. Additional support for the fan shaft
was minimal. The original engine failed due to the crankshaft fracture. With the high
number of blades on the new fan, and their high pitch angle, the tip speed is much
lower at 130ms‘\

Due to the reliability problems associated with the original direct drive transmission
system, a number of other transmission methods are assessed. A completely new
transmission system is designed to take power from the base of the engine and
transmit it to the top where the fan is mounted. Hydraulic systems, though very
flexible, were found to be extremely heavy and inefficient, a suitable system being
heavier than the entire craft payload and having an efficiency of 72.25%. Gears were
also assessed, but the need for precision machining, oil coolers and circulating
pumps increased the complexity, cost and weight of such a system.
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Using the very latest developments in belt transmission technology, a transmission
system is designed, which is capable of transmitting all 175HP at maximum speed
between two chevron toothed belts. The system is virtually maintenance free and has
a transmission efficiency of 98%, (Whitney 1998). By selection of a suitable gearing
ratio between the engine and fan, is possible to make maximum use of the available
power. Due to height constraints, further modifications are made to the pulleys
supplied for this drive. The two pulleys on the engine side are recessed in order to
reclaim the height, which would otherwise been taken up by the pulley bearings.

10.4 Engine cooling & exhaust systems
The cooling system for the majority of marine outboard engines operates by taking
in water through the front of the gearcase. This water then passes through a
circulating pump and is forced through the engine’s cooling jackets. The hot water is
dumped through the propeller hub. This system works well when the engine has an
unlimited supply of cold water. However, in the case of hovercraft, there is no
contact between the water surface and the craft to allow intake of water.
Furthermore, a hovercraft will not always operate on water. A self-contained cooling
system is thus designed. As a supply of air is readily available from the fan, an air
cooled radiator is employed to remove heat from the engine coolant. The radiator is
located in the lift air duct. The new cooling system utilises the water pump of the
Johnson engine. Using a pump, which has been specifically designed for the engine
ensures that the engine receives the correct amount of water at all operating speeds.
A number of specialised components, generally located in the engines midsection
are manufactured to produce the desired water flow within the engines cooling
jackets. These components include the channel plate and the cooling and exhaust
manifold pictured in figures 4.7 and 4.8 respectively.

Two stroke engines have very high power to weight ratios and are small and
compact, thus these engines are very suitable for hovercraft applications. However
high performance two stroke engines depend on a tuned exhaust system to achieve
peak power levels.
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The diffuser and baffle in a 2-stroke exhaust harness sound waves, created in the
combustion process, to scavenge the cylinder of the exhaust gases, draw a fresh
charge into the chamber and also partially compress this charge. The tapers of the
diffuser and baffle cones are critical in the control of the timing of the exhaust
scavenging and charge pressurising. 2-stroke exhaust pipes are generally “tuned” to
a particular engine speed, power outputs at speeds away from this tuned speed can
be quite low. Variation of the pipe shape produces a large power output over a very
small speed range or a lower power output sustainable over a larger speed range.
Factors, which influence the design of a tuned pipe, are: exhaust port open period,
the speed of sound in the exhaust gas and the engine speed. In the case of the
Crossbow the exhaust pipe has been designed to maximise power over a narrow
speed range at the engines peak power point. The methods used to design the
exhaust can also be employed to design other exhausts, which can then be used to
modify the shape of the engines power curve. This feature greatly enhances the
Crossbows versatility as a field test craft.

To remove any minor errors, which may have occurred during the design and
manufacture of the exhaust system, the “pulsed tuning” method is employed. Pulsed
tuning involves the connection of a suitably sized pipe directly to the exhausts
diffuser. This pipe is selected to slide, with a close fit, over the header pipe. The
engine is then run, under load, and the position of the baffle varied until the tuned
length is located. Once the tuned length is located, the pipes can be welded in
position.

10.5 Chassis replacement
The original hovercraft chassis was made from 6mm (1/4") thick sheets of
aluminium honeycomb. Aluminium honeycomb is used extensively in aircraft
construction, as it is extremely light yet very strong and rigid. As hovercraft are very
weight sensitive, the utilisation of such light weight materials is of paramount
importance.

Aluminium normally provides its own corrosion protection due to a tendency to
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form an aluminium oxide insulator on the surface, but this oxide is penetrated by
chemicals such as NaCl (salt) and certain acids and bases. Also, due to aluminium's
position on the galvanic series, it is susceptible to electrolytic corrosion by the
majority of other engineering metals. Saltwater is an excellent electrolyte and thus
using aluminium in a vehicle, which is designed to operate in saltwater, resulted in
corrosion problems. Inspection of the original Crossbow chassis indicated extensive
corrosion, particularly along its lower sections, where salt water would have settled.

A replacement chassis material is required to have similar strength and lightweight
properties to the aluminium sheet, but must also be resistant to salt water corrosion.
A number of different composite materials were assessed for suitability. These
included foam/fibreglass, foam/plywood and balsa/fibreglass sandwich materials. A
Nomex®/fibreglass sandwich material was assessed as being the optimum choice.
Nomex has a higher strength to weight ratio than aluminium. It has a high chemical
resistance, excellent hydrolysis resistance and has the added advantage of being heat
and flame resistant. To compensate for the Nomex’s lower strength, a honeycomb
core with a greater thickness was selected. However, the overall weight of the
replacement chassis is still less than the original, the increased sheet thickness giving
greater rigidity

10.6 Air lubrication
In the event of a sudden power loss, the hovercraft could impact the waters surface
at a high velocity. On impact, viscous drag forces cause a sudden deceleration,
which could damage the craft or injure its passengers. As a safety precaution, a step
and side strips are fitted to the base of the hull. On impact, a layer of air becomes
trapped between the crafts hull and the waters surface, thus reducing the magnitude
of the drag force. A theoretical analysis is undertaken to quantify the reduction in the
drag force due to the “air lubrication”. This analysis shows, that by fitting the step
and side strips, the viscous drag force is reduced significantly.

10.7 Skirt design
The Crossbow uses what is known as a loop-segment skirt. This consists of a single
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loop of material, the upper part of which is attached to the top of the hull. Attached
to the lower end of this loop are segments, which are in turn attached to the bottom
of the hull by ties. The segments have a number of functions; firstly the
configuration ensures a close seal between the skirt and undulating terrain, secondly,
when damaged or worn, the segments may be replaced individually and, thirdly, a
segmented skirt has a very low drag coefficient.

The geometrical construction method used to design the loop segment skirt is a
modification of a method employed by Burgess (1973). Burgess’s method was
initially employed to re-design the replacement skirt for the hovercraft. However,
during the course of the re-design, an imbalance in the forces acting on the original
design was discovered. This imbalance caused the inflated skirt to distort, leading to
an increase in drag and an increase in the airflow required to sustain the cushion.
The segment forces were initially modelled by a 90° isosceles triangle. The
underlying assumption here is that the force, due to the cushion pressure acting on
the segment face, is taken as acting at the midpoint of the face and perpendicular to
it. The three forces acting on the segment are the tie force, the force due to the
cushion pressure acting on the segment face and the force on the segment due to the
cushion pressure acting on the loop.

However, modelling a segment as an isosceles triangle is unrealistic in that the real
skirt segment configuration differs appreciably from the triangular form. To ensure a
proper seal, the ends of each segment are truncated so that the entire periphery of the
curved segment face is in contact with the surface. By applying the Burgess method
to the actual segment shape, a more balanced skirt geometry is produced. Also by
further modifying the design method, it is possible to apply the method to any
segment shape, thus producing a more versatile system.

This optimised design method is also much more versatile, as it has been further
modified so as not to limit the designer to a 90° segment angle or a segment with a
horizontal top. In an attempt to speed up the design process, a computer program
using AutoLISP®, the programming language which controls AutoCAD®, has been
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developed.

The programme performs all the geometric calculations and

constructions required to produce the optimum loop segment configuration for a
particular craft. The skirt is also designed to provide a simple interchange of
components to facilitate future skirt testing.

10.8 Summary
This chapter has outlined the methods used to design a new integrated lift and thrust
system for the Crossbow hovercraft. It explains the reasons for employing chevron
toothed belt technology to design and manufacture the high efficiency transmission
system. The cooling and exhaust systems for the 175HP Johnson outboard
powerhead are discussed. The exhaust system is designed to maximise the peak
power of the engine. A Nomex® honeycomb material is selected as the optimum
replacement material for the original aluminium honeycomb. The overall weight of
the replacement chassis is less than the original, and by utilisation of a thicker sheet,
greater rigidity occurs. As a safety precaution, an air lubrication system is fitted to
the base of the hull. On impact, a layer of air becomes trapped between the crafts
hull and the waters surface, thus reducing the magnitude of the drag force. A skirt
design method is modified to produce a more accurate and versatile system. This
system is then further developed to produce a software programme to facilitate
design of a balanced loop segment skirt for any hovercraft.
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CHAPTER 11
CONCLUSIONS & RECOMENDATIONS
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11.1 Conclusion
The development of design and test methodologies for hovercraft comprises two
major objectives. The re-design of the ABl 1 Crossbow hovercraft is undertaken to
facilitate later field-testing The skirt material assessment facility involves the design
of a number of rigs, which, in a laboratory environment, will simulate the conditions
experienced by full-scale hovercraft.

During the course of the project, it was necessary to conduct research into numerous
different aspects of engineering. The main areas of research were:

Fan Design
Aerodynamics
Fluid mechanics
Component Design & Manufacture
Engine tuning
Thermodynamics
Composite materials
Corrosion
Mechanics
Hydrodynamics
Computer aided design
Software development

Information was gathered, by the investigator, through an extensive literature search
and a number of site visits. As the majority of the components in the Crossbow had
been removed before it became available to the researcher, the site visits were
invaluable in understanding the construction and operation of the craft. The
information gathered included significant data on: The Crossbow hovercraft.
Hovercraft design and manufacture, dating back to the inception of the technology.
Modem hovercraft and skirt design methods as well as hovercraft skirt material
manufacture and testing methods.
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Site visits included: The Hovercraft Society library in Gosport. Two visits were
undertaken to Mr. Julian Cooke, the Crossbows designer, at his home in Dorset. A
visit was paid to Griffin Hovercraft, in Southampton, and a research visit was also
paid to Avon Technical Products, Melksham, UK. Avon is one of the UKs leading
manufacturers of Hovercraft skirt materials. Consultations were undertaken with

In the re-design of the Crossbow, new and improved lift and thrust systems are
designed. The systems are developed and assessed using classical fluid dynamic and
aerodynamic theory. Fan selection is based on noise minimisation, maximisation of
available power use. A versatile and variable twelve bladed, lightweight, composite
fan IS selected as the optimum choice to meet the differing requirements of both
systems. The fan allows for adjustment of blade pitch and blade number, critical
parameters in later field testing.

A modem, higher powered, marine outboard engine is to be fitted to the Crossbow.
A lightweight, high efficiency transmission system is designed and manufactured to
deliver power to the new fan. The transmission system utilises chevron toothed belts
and pulleys to transmit the engines 175HP. The toothed belt system is light, efficient
and virtually maintenance free. This design again facilitates adjustment and
measurement of critical operational loading conditions in field testing.

To facilitate mounting of the new engine in the Crossbow, a self-contained cooling
system is designed and manufactured. Outboard engines generally receive cooling
water from the submerged section of the engine. To ensure proper cooling water
flow, the engines water pump is incorporated in the design. A specially designed
radiator located in the lift air duct cools the circulating water.

During the course of the project, it was discovered that the Crossbow chassis was
extensively corroded. The craft had thus to be completely disassembled and a new
chassis material sourced. The aluminium honeycomb chassis is to be replaced with a
lighter, stiffer and corrosion resistant Nomex® honeycomb material.
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As a safety precaution, an air lubrication system is fitted to the base of the Crossbow
hull. In the event of a sudden power failure, the craft may impact the waters surface
at high speed. The air lubrication system reduces the magnitude of the viscous
forces, which may be imparted to the craft and its passengers.

Utilising a basic loop segment skirt design method, the investigator determined that
the Crossbows original skirt was out of balance. Imbalance leads to excessive air
loss and/or excessive drag. The basic loop segment design method incorporated a
number of idealised and somewhat unrealistic assumptions regarding segment
shapes. The design method is modified, by the author, to take account of the actual
shape of skirt segments. The modified design method is also more versatile, as it is
not constrained to using 90° isosceles triangle shaped segments. To expedite the
skirt design process, a software programme was developed to perform all the
geometric calculations and constructions required to produce the optimum loop
segment configuration for a particular craft. The programme is designed to operate
with the computer aided design package; AutoCAD®.

The second section of the project involved the development of test rigs designed to
simulate, in a laboratory environment, the conditions, which will be experienced by
an in-service craft. Research is conducted into the methods used to design and
manufacture skirt materials. The operational environment of skirt materials and their
failure modes is extensively studied. A review of past and present skirt material test
rigs is also conducted.

To ensure accuracy of simulation in the development of the test rigs, five important
constraints are adhered to during test rig design,

1. True fixity of all skirt components.
2. Actual cushion airflow.
3. Actual cushion pressure.
4. Correct loading frequency.
5. Correct loading magnitudes.
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Two separate test rigs are designed. The first rig simulates in-service operation of
the bow and stem sections. The second simulates the in-service operation of the side
skirt. To ensure true fixity of all skirt components, full-scale sections of the bow,
stem and side skirt and their respective hulls are employed in the test rig. Through
utilisation of an iris damper, located on the inlet to the test rig fan, cushion airflow is
controlled. Airflow dictates the magnitude and frequency of flagellation and flutter.
Cushion pressure is set with the aid of an U-tube manometer. Specification of
hovergap and cushion pressure yields the requisite airflow through the test rig. A
wave analysis is conducted to determine maximum loading frequency. Based on
operational loading conditions for the Crossbow, a maximum loading frequency of
70Hz is calculated. Loading magnitude, at craft velocity, is controlled by the
application of a water jet to the specimen skirt.

Considerable progress has thus been made towards the achievement of the two
major objectives of the thesis. It is also believed that hovercraft design technology
and science has been advanced, at least in a moderate manner, by the body of work
undertaken The hovercraft design and development research has been presented and
published at the Irish Manufacturing Conference (appendix 10) and was well
received by a distinguished academic and industrial audience The hovercraft work
was also displayed to most appreciative audiences at the thirteenth and fourteenth
Cork Mechanical, Manufacturing & Aerospace Engineering exhibitions.

11.2 Further research
An area of the project, which would benefit from further research, is the cooling
system design and in particular the new channel plate design (Figure 4.7). During its
lifetime the channel plate will be subjected to thermal stressing caused by the flow
of the warmed cooling water and hot exhaust gasses. Areas, which are most
susceptible to fatigue failure, are the narrow webs linking the outer and inner
sections of the plate. Due to the cyclic nature of these stresses the author believes
that finite element fatigue analyses and experimental testing of this particular
component, prior to being put in service, would be of immense benefit.
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